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Intermolecular C�H Activation
A novel self-deactivation sequence of [Pd ACHTUNGTRENNUNG(allyl) ACHTUNGTRENNUNG(NHC)]
complexes has been discovered, in which the Pd-bound
NHC ligand is non-innocent and undergoes C�H metalla-
tion at the backbone. Two of the resulting complexes fea-
ture an unprecedented (and unexpected) carbene/alkenyl
coordination of an imidazolium-derived NHC ligand to two
transition-metal ions, which is assisted by the chelating pyr-
idazine arm. For more information see the Communication
by F. Meyer et al. on page 5112 ff.


Chromium Dichloride
The oligomerization of chromium dichloride in the gas phase is
structurally equivalent to the chain motif found in the solid as
both unrestricted Kohn–Sham (broken-symmetry) density func-
tional calculations and gas-phase electron diffraction studies
show. The monomer has a Renner–Teller distorted bent struc-
ture, while the clusters consist of two-dimensional, antiferro-
magnetically coupled of CrCl2 units forming four-membered,
doubly bridged Cr2Cl2 rings. Each Cr atom in these chains has
spin quantum number S=2. For more information see the Full
Paper by P. Schwerdtfeger, M. Hargittai et al. on page 5130 ff.


Halogenation
In the Concept article on page 5102 ff., A. Vigalok discusses
how the reaction of C�halide reductive elimination can be
quite common and synthetically important. Such reactions
have been observed with alkyl, acyl, and aryl groups, and it
was shown that they can successfully compete with the
more thermodynamically favorable C�C reductive elimina-
tion.
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CORRIGENDUM


C. Nieto-Oberhuber, M. P. MuÇoz,
S. L�pez, E. Jem�nez-NfflÇez,
C. Nevado, E. Herrero-G�mez,
M. Raducan,
A. M. Echavarren . . . . . . . . . . . . 1677–1693


Gold(i)-Catalyzed Cyclizations of 1,6-
Enynes: Alkoxycyclizations and exo/
endo Skeletal Rearrangements


Chem. Eur. J. , 2006, 12


DOI: 10.1002/chem.200501088


The authors have recently found that the configuration of diene 64 (Ar=p-
MeOC6H4) in Scheme 6 was incorrectly assigned. The major isomer has a cis con-
figuration, whereas the configuration of related compounds 62 and 66 (Ar=Ph
and p-O2NC6H4) is trans as reported. The correct configuration is shown in the re-
vised equation.
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Introduction


Halogenation of organic molecules is one of the most
common methods towards their further functionalization.[1]


Halides often serve as good leaving groups in a variety of
organic transformations, with the carbon–halogen bond
strength being relatively low.[2] With the dawn of organome-
tallic chemistry, it was promptly recognized that metals
readily insert into even relatively strong carbon–halogen
bonds in a prototype of modern oxidative addition process.[3]


Metal activation of carbon–halogen bonds has received an
incredible amount of attention in the last few decades with
the development of late-transition-metal-catalyzed organic
transformations.[4,5] These reactions have became the key-
stone in a large number of very important organic reactions,
as a starting point to the formation of new carbon–carbon,
carbon–nitrogen, and carbon–oxygen bonds.[6–8] Since the
oxidative addition of a carbon–halogen bond to an electron-
rich late-transition-metal center is usually thermodynamical-
ly favorable, even for the strongest alkyl and aryl halides,
much consideration was given to the development of metal
complexes capable of rapid insertion into such bonds. At
present, there are several catalytic systems in which the
metal insertion into C�X bond is an extremely facile pro-
cess.[9] In the background to this activity in the area of metal


activation of carbon–halogen bonds, remarkably few exam-
ples of the reverse process—transition-metal-assisted forma-
tion of these bonds—have been reported. This process, the
C�halide reductive elimination, can be a significantly more
common reaction than is presently assumed and can play a
prominent role in organometallic transformations. The pur-
pose of this Concept article is to discuss the synthetic and
mechanistic information relevant to carbon–halogen bond
formation by means of the reductive elimination from a
transition-metal center.[10]


CACHTUNGTRENNUNG(sp3)�Halide Reductive Elimination


Early examples of the C�halide reductive elimination start-
ed to appear in the literature about 40 years ago.[11] Ruddick
and Shaw reported that the thermolysis of the isomeric PtIV


complexes gave mixtures of products of C�C and C�I re-
ductive-elimination reactions (Scheme 1). The products ratio


appeared to be dependent on the complex geometry. How-
ever, it was not until the Shilov group discovered the homo-
geneous catalytic process for methane functionalization that
the C�halide reductive elimination in solution received con-
siderable attention.[12] It was reported that, in addition to
methanol, substantial amounts of chloromethane could be
obtained in the Shilov methane oxidation process catalyzed
by platinum complexes (Scheme 2).[13] Careful mechanistic
analysis of several catalytic steps by Bercaw and co-workers
suggested that the formation of the carbon–chlorine bond
takes place in parallel to the formation of methanol, often
being the major reaction pathway.[14] Although it was diffi-
cult to distinguish between the intra- and intermolecular


Abstract: Organic halides represent basic starting
ACHTUNGTRENNUNGmaterials for numerous metal-catalyzed organic trans-
formations. Generally, the carbon–halogen is broken in
the first step, that is, an oxidative addition reaction, of
the catalytic cycle. On the other hand, very little is
known about the reverse reaction, carbon–halogen re-
ductive elimination from a transition-metal center. In
this Concept article, we describe the examples of C-
ACHTUNGTRENNUNG(sp3)�halide and C ACHTUNGTRENNUNG(sp2)�halide reductive-elimination re-
actions which demonstrate that this type of reactivity
can be quite common in organometallic chemistry. Al-
though the thermodynamic driving force for the forma-
tion of carbon–halogen bonds is relatively small, the ki-
netic barrier for these reactions can also be low. Thus,
C�halide reductive elimination can compete favorably
with the more established organic transformations, such
as C�C reductive elimination.
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bond-forming step, the reaction most likely involves a nucle-
ophilic attack of the chloride-anion at the coordinated
methyl group of the PtIV intermediate.[15] Thus, the overall
mechanism is closely related to the organic SN2-type reac-
tion. Convincing evidence for such a mechanism operating
in PtIV systems came from the work of Goldberg and co-
workers, who studied the competitive CH3�I and CH3�CH3


reductive-elimination reactions in platinum–phosphane com-
plexes (Scheme 3).[16] The Goldberg group demonstrated


that the reductive elimination of iodomethane is kinetically
preferred over the much more common C�C reductive elim-
ination. Since the resulting PtII complex readily reacts with
free CH3�I to regenerate the starting material, the overall
reaction eventually results in the products of the ethane re-
ductive elimination. It was also shown that the addition of
free iodide decreases the concentration of the cationic PtIV


intermediate and significantly slows down the C�C reduc-
tive-elimination reaction. In addition to the thorough analy-
sis of the rare C�I reductive elimination from an isolated
metal complex in solution, this work by the Goldberg group
demonstrated that such elimination can successfully com-
pete with the more thermodynamically favorable C�C re-
ductive elimination. An important factor in the successful
observation of the C�I reductive elimination, in the pres-
ence of two methyl groups at the metal center, is the differ-
ence of the reaction mechanisms for the competing reduc-
tive-elimination reactions.


Hughes and co-workers reported another PtIV system in
which the C�I reductive elimination readily occurs by the
assumed SN2-type mechanism.[17] The resulting iodomethane
was rapidly consumed by a PtII complex present in the
system, making the overall reaction irreversible (Scheme 4).


Milstein and Frecht very recently showed that the reduc-
tive elimination of CH3�I can take place in a RhIII pincer-


type complexes. The elimination reaction is apparently
driven by the steric bulk at the metal center, since no such
reaction was observed in a structurally similar, but less steri-
cally encumbered, system (Scheme 5).[18] The Milstein


system represents the first direct observation of the C ACHTUNGTRENNUNG(sp3)�
X reductive elimination in metal complexes other than
Group 10. Although the electronic configuration of the RhIII


complex is analogous to that of the previously described
PtIV system, the mechanistic studies of the reductive-elimi-
nation reaction suggested that the SN2-type mechanism is
not operative under the reaction conditions. Instead, con-
certed elimination of both atoms from the metal coordina-
tion sphere was proposed.


CACHTUNGTRENNUNG(sp2)�Halide Reductive Elimination


The first example of such reductive elimination from an iso-
lated metal complex was reported in 1969 by Ettorre, who
showed that heating in methanol the PtIV complex bearing
phenyl and iodo ligands gave free iodobenzene and a PtII


phenyl iodo complex.[19] The reaction progress was followed
by UV/Vis spectroscopy and the conclusion was that the
iodide dissociation from the platinum coordination sphere is
required prior to the Ar�I reductive-elimination step
[Eq. (1)].[20]


trans-½PtðEt3PÞ2I2ðPhÞ2�G
þI�


�I�
Htrans-½PtðEt3PÞ2IðPhÞ2�þ !


trans-½PtðEt3PÞ2IðPhÞ� þ PhI
ð1Þ


Perhaps the most prominent example of the importance of
the C ACHTUNGTRENNUNG(sp2)�halide reductive elimination in organometallic
chemistry comes from the mechanistic studies of the Mon-
santo methanol carbonylation process [Eq. (2)].[21]


CH3OHþ CO Rh cat:
���!CH3COOH ð2Þ


It was reported that the catalytic cycle is greatly influ-
enced by the presence of free iodide in the reaction mix-
ture.[22,23] Further analysis revealed that, in the product


Scheme 3.


Scheme 4.


Scheme 5.
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forming step, acyl iodide reductive elimination from a RhIII


center takes place, followed by the rapid acyl iodide hydrol-
ysis to carboxylic acid (Scheme 6).[24] The hydrolysis step


renders the reductive elimination of the highly reactive
acyl–iodide bond irreversible. Just as in the case of the Ar�I
reductive elimination, the carbon atom is sp2-hybridized.
This hybridization allows the reductive-elimination mecha-
nism to proceed via the concerted, three-coordinate transi-
tion state. Although not observed directly, the reductive
elimination of an acyl–hloride was proposed in the RhIII


system.[25]


Electron-rich Pd0–phosphane complexes are the most
commonly used catalysts for a variety of aromatic nucleo-
philic substitution reactions involving aryl halides. Thus, it
was an especially important finding by the Hartwig group
that, under the appropriate conditions, aryl halide reductive
elimination from PdII–phosphane complexes can be ob-
served. To accomplish this otherwise thermodynamically un-
favorable reaction, the authors used very sterically hindered
phosphane ligands that squeezed the aryl and halide groups
from the metal coordination sphere. The initially dimeric
PdII–aryl-halide complexes were treated with tBu3P or simi-
larly bulky phosphanes to give the three-coordinate mono-
meric compounds which underwent facile reductive-elimina-
tion reactions under mild conditions [Eq. (3)].[26]


Although the elimination of aryl chlorides was the most
thermodynamically favorable, the reactivity of the halide li-
gands followed the trend I>Br>Cl, indicating the impor-
tance of the kinetic factors in this reaction. The mechanistic
studies suggested that the reductive Ar�X reductive elimi-
nation in a PdII system takes place as the microscopic re-
verse of the Ar�X oxidative addition to the electron-rich
Pd0 complexes. In the continuation of this approach, it was
recently proposed that the Ar�F reductive elimination re-


sults in the formation of small amounts of p-NO2C6H4F in a
PdII system.[27] However, the necessity to use the strongly ac-
tivating nitro group suggests that alternative pathways, such
as involving the cationic Meisenheimer-type intermediates,
may be operative.[28] Thus far, the considerable effort invest-
ed in making C�F bonds gave limited results despite the sig-
nificant thermodynamic gain expected from the formation
of the very strong C�F bond.[29] To advance in this goal, one
also has to overcome the side-reactions leading to the for-
mation of strong P-F and H�F bonds, often observed in the
reactions of organometallic fluorides.


A different approach to Ar�I reductive elimination in Pd
complexes was recently demonstrated in our group. The re-
action between PdII–aryl-iodo complexes with one equiva-
lent of XeF2 cleanly gave the corresponding PdII–difluoro
complexes and iodoarenes (Scheme 7).[30] A less strong fluo-


rinating reagent, p-tolyliododifluoride did not react under
these conditions, while use of N-fluoropyridinium tetrafluo
roborate gave mixtures of iodo- and fluoroarenes. Simple
oxidation of the starting PdII complexes with Fc+BF4


� (Fc=


Ferrocene) did not result in the iodoarene formation; how-
ever, other oxidants, such as CAN (CAN=cerium ammoni-
um nitrate) also gave significant amounts of Ar�I. The reac-
tion with XeF2 was also very general in terms of the aryl
ligand involved; even the pentafluorophenyl group readily
eliminated from the metal coordination sphere to quantita-
tively give iodopentafluorobenzene.


While studying the oxidative addition chemistry of PtII–
aryl complexes with XeF2, we surprisingly found that the
isoelectronic and isostructural complexes bearing different
types of phosphane ligands show markedly different reactiv-
ity patterns. The cis-chelating phosphane ligands imparted
the C�C reductive-elimination chemistry, whereas the
mono ACHTUNGTRENNUNGdentate phosphanes supported the formation of stable
PtIV oxidative addition products (Scheme 8).[31] Since the
PtIV–difluoro complexes with bidentate phosphane ligands
are reasonably stable,[32] this reactivity difference suggested
that the reductive elimination takes place prior to their for-
mation. We hypothesized that the cationic intermediate A,
formed in the SN2-type mechanism,[33] can be responsible for
the reductive-elimination step.
We decided to expand these
studies to include halogen mol-
ecules that are known to react
with square-planar d8 metals by
means of the SN2-type mecha-
nism. Interestingly, addition of


Scheme 6.


Scheme 7.
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I2 to chelated PtII–diaryl complexes resulted in the forma-
tion of free iodoarene and PtII–aryl-iodo complexes, with
the exception of the small 1,2-bis(dimethylphosphino)ethane
(dmpe) ligand system, in which stable oxidative addition
PtIV complex trans-[Pt(Ar)2ACHTUNGTRENNUNG(dmpe)I2] was isolated
(Scheme 9).[34] Heating this complex in polar solvents result-


ed in the mixture of products: the thermodynamically stable
cis isomer and Ar�I reductive-elimination products
(Scheme 10).[35] The isomerization reaction was light-assisted


with the light triggering the di-
phosphane chelate ring-open-
ing. In the absence of light, the
iodoarene reductive-elimination
reaction was the major one. By
using a more rigid ligand 1,2-
bis(dimethylphosphino)benzene
(dmpbz) further hindered the
ring-opening pathway leaving
Ar�I reductive elimination the
only observable reaction in di-


methyl formamide (Scheme 10). The kinetic analysis sug-
gested a late transition state for the reductive-elimination
step (DH#�29 kcalmol�1, DS#�16 kcalmol�1), with the re-
action proceeding via the concerted mechanism. This mech-
anism was further confirmed by
DFT calculations, performed by
Andrei Vedernikov (University
of Maryland), which showed
considerable cleavage of a Pt�I
bond in the ion-pair-like transi-
tion state (Figure 1).[35]


Interestingly, the more stable
cis isomer of [Pt(Ar)2ACHTUNGTRENNUNG(dmpe)I2]
gave only C�C reductive-elimi-
nation products upon prolonged
heating at high temperatures. This geometry-dependent re-
activity is summarized in Scheme 11. Addition of Br2 to che-
lated PtII–diaryl complexes gave product distribution depen-
dent on the diphosphane bite angle. Use of larger chelates,
dichlorophenylphosphane (dcpp) or 1,3-bis(diphenylphos-
phino)propane (dppp), gave mainly PtIV oxidative addition
products, while smaller 1,3-bis(diphenylphosphino)ethane
(dppe) or 1,2-bis(dicyclohexylphosphino)ethane (dcpe)
ligand systems gave mainly products of Ar�Br elimination,
with very little of PtIV products formed (Scheme 12).[34]


Heating these compounds at higher temperatures gave more
of the Ar�Br, providing evidence for the first directly ob-
served bromoarene reductive elimination from platinum.


The described examples of the direct C�halide reductive
elimination in MIV complexes may provide support for such
reactions taking place in the palladium-catalyzed halogena-
tion of C�H bonds. First reported by Fahey,[36] and signifi-
cantly improved by Sanford et al.,[37] the catalytic halogena-
tion of sp2- and sp3-carbon atoms in the presence of a direct-
ing ligand group utilizes an electrophilic halogenation re-
agent (X2 or “N�X” compounds) and a PdII catalyst. The
proposed catalytic cycle involves the participation of PdII


and PdIV species (Scheme 13). Although the reductive-elimi-
nation step was not observed under the catalytic conditions,
several examples of C�halide reductive elimination from un-
stable PdIV complexes were reported in other systems.[38,39]


These results and the ease with which such reaction takes
place in PtIV systems suggest that the proposed reductive


Scheme 9.


Scheme 10.


Figure 1. Ion-pair-like transi-
tion state.


Scheme 8.


Scheme 11.
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elimination as the product-forming step in the catalytic cycle
can be feasible.[40]


Although this Concept article describes the formation of
carbon–halogen bonds by means of the reductive-elimina-
tion pathway, it is worth noting that there are other mecha-
nisms by which a halide can be introduced into an organic
molecule, for example, through a metal-assisted pathway.
Halogenation of a C�H bond in the a-position to a carbonyl
group by using a metal catalyst is a known reaction
(Scheme 14). The metal center acts as a Lewis acid, activat-


ing the a-position to an attack by an electrophilic halogena-
tion reagent. The stereoselective version of this reaction is
of interest to synthetic organic chemistry, since it allows for
the introduction of a good leaving group in the a-position to
the carbonyl.[41]


The copper-assisted nucleophilic aromatic substitution re-
action (the Ullmann reaction) has been known for almost a
century.[42] Although O-, N- or C-based nucleophiles have
generally been employed, halogen exchange reaction using
CuI derivatives was also demonstrated. The original reports
of such a reaction describe the halogen exchange trend that
follows the thermodynamic stability of the C�X bond; that


is, the iodo substituent could be
replaced by Cl or Br, but not
the other way around
(Scheme 15).[43] With the devel-
opment of general understand-
ings of the principles of organo-
metallic and coordination
chemistry it became possible to affect the reactivity of the
metal by using the appropriate organic ligands. Recently,
the reaction was revisited with a variety of nitrogen chelat-
ing ligands applied in the copper-catalyzed trans-halogena-
tion of aryl halides.[44] Use of these ligands allowed the re-
versal of the reactivity pattern of the copper reagent making
it possible to replace Br and even Cl substituents by iodide
in non-activated aromatic compounds. The reaction can also
be used in making transient iodoarenes for further catalytic
transformations without their isolation.[45]


Conclusion


While metal complexes are routinely utilized in cleavage of
carbon–halogen bonds, there is significant evidence that the
reverse reaction of C�halide reductive elimination can be
quite common and synthetically important. Such reactions
have been observed with the alkyl, acyl, and aryl groups,
and it was shown that they can successfully compete with
the more thermodynamically favorable C�C reductive elimi-
nation. Transient C�X bonds can also be formed during a
metal-catalyzed process and must be considered in elucida-
tion of the reaction mechanisms. Additionally, making
carbon–halogen bonds with an aid of a transition-metal
complex might provide an access to organic halides that
cannot be prepared without the metal. Perhaps the most
synthetically challenging, although also most rewarding,
problem involving the C�halide reductive elimination is the
formation of carbon–fluorine bonds. While only marginal in
their natural abundance, organofluorine compounds play a
very prominent role in the pharmaceutical and agrochemical
industries due to important biological activities shown by
many organic fluorides.[46] Considering the recent awakening
of the interest in the metal-assisted C�X bond formation,
we are likely to see more of the interesting work in this area
in the near future.
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Partial Hydrogenation of Alkynes to cis-Olefins by Using a Novel Pd0–
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The selective partial hydrogenation of alkynes to cis-al-
kenes represents an important class of chemical transforma-
tions that have found extensive use in the construction of an
enormous variety of, for example, bioactive molecules, natu-
ral products, industrial materials.[1] The important transfor-
mation has mainly been accomplished under ordinary hy-
drogen pressure and at room temperature using heterogene-
ous Pd catalysts such as Lindlar catalyst (Pd/CaCO3–Pb-
ACHTUNGTRENNUNG(OAc)2 in conjunction with quinoline)[2] , Pdc[3] and Ni cata-
lysts such as low-active Raney Ni[4] , P-1 Ni[5] , P-2 Ni[6] , and
Nic[7] , and Au nanoparticles[8] and homogeneous Rh and Cr
complexes[9] as a catalyst. In these cases except Lindlar cata-
lyst, the narrow substrate-applicability, concomitant use with
a basic additive, low cis/trans selectivity, pyrophoric property
and/or operational complexity of the catalysts are undesira-
ble as a general synthetic methodology and these are why
such catalysts have never been a common selective catalyst
for the partial hydrogenation of an alkyne to a cis-alkene.
On the other hand, the Lindlar catalyst is widely applicable
and used as such a selective catalyst although the pretreat-
ment using environmentally harmful PbACHTUNGTRENNUNG(OAc)2 and the si-
multaneous use with quinoline is necessary to achieve the
chemoselective and geometrically selective partial hydroge-
nation. Furthermore, the smooth over-reduction to the cor-
responding alkanes efficiently proceeded under the Lindlar6s
hydrogenation conditions by the use of monosubstituted


(terminal) alkynes as substrates. Therefore, the Lindlar6s
method is only applicable to the selective chemical transfor-
mation of disubstituted alkynes to cis-alkenes.[10] Thus, there
is a need for the development of novel selective catalyst
that can provide high yields and selectivity without any nu-
cleophilic additives and the chemical pretreatment by an en-
vironmentally harmful materials. Recently, Alonso and Yus
et al. reported an efficient method for the partial hydrogena-
tion of both internal and terminal alkynes using Ni nanopar-
ticles although the adjustment of the amount of the in situ
generated molecular hydrogen source (Li powder and
EtOH or iPrOH) is essential.[11] We now disclose a develop-
ment of very practical catalyst and an efficient partial hydro-
genation controlled by the catalyst activity that overcomes
these serious and longstanding problems.


Recently, we have reported that a Pd/C catalyst formed
an isolable complex with ethylenediamine (en) employed as
the catalytic poison via one-on-one interaction between Pd
metal and en, and the complex catalyst [Pd/C(en)] chemose-
lectively hydrogenated a variety of reducible functionalities
in the presence of an O-benzyl, O-TES or N-Cbz protective
group, benzyl alcohol or epoxide.[12] Besides, we also devel-
oped silk fibroin (Fib)-supported Pd0 catalyst for the chemo-
selective hydrogenation of alkynes, alkenes and azides in
the presence of other reducible functionalities.[13] During our
effort to create a new Pd catalyst for hydrogenation possess-
ing different chemoselectivity, we found that polyethylene-
imine (PEI, branched polymer, average molecular weight
approximately 25000) supported Pd0 catalyst selectively cat-
alyzed hydrogenation of only alkynes including both mono-
and disubstituted alkynes, without the reduction of other re-
ducible functionalities.[14]


This paper describes the creation and application of a
novel Pd0–polyethyleneimine complex catalyst (Pd0–PEI).


The 5% Pd0–PEI catalyst was prepared by introduction of
Pd ACHTUNGTRENNUNG(OAc)2 directly in the MeOH solution of deaerated PEI
under Ar atmosphere (Scheme 1). The resulting rust-colored
solution was stirred under H2 atmosphere at room tempera-
ture for 24 h and the solution changed gradually to black, in-
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dicating the formation of the zero-valent Pd species. After
concentration in vacuo, the obtained black gummy 5% Pd0–
PEI is stable for more than three years in a capped vial and
is nonpyrophoric. The Pd deposition (5 weight%) into the
PEI was based on the incipient ratio of Pd ACHTUNGTRENNUNG(OAc)2 and PEI.


With 5% Pd0–PEI in hand, its usefulness as catalyst by fo-
cusing on the chemoselective partial hydrogenation of al-
kynes was investigated. Reactions were typically carried out
using 10 weight% versus substrate of 5% Pd0–PEI in 2mL
solvent under H2 atmosphere at room temperature. Al-
though these preliminary studies were frustrated by no cata-
lyst activity of 5% Pd0–PEI in aprotic organic solvents
(Table 1, entries 1–3), using MeOH as a solvent led to a dra-
matic increase in the hydrogenation catalyst activity toward
diphenylacetylene (1a) giving cis-stilbene (2a) as a major
product (68%) together with significant amount of diphe-
nylethane (4a) by over-reduction. Mixing the more coordi-
nating solvent such as dioxane and AcOEt led to a signifi-
cant decrease in over-reduction (Table 1, entries 5–9). In
MeOH/dioxane 1:1, the desired cis-stilbene (2a) was ob-
tained in 97% selectivity and the ratio of products is not
time-dependent (compare Table 1, entries 8 and 9).


To show the generality of the process, the use of various
disubstituted alkynes was investigated (Table 2). The partial
hydrogenation of aromatic disubstituted alkynes proceeded
selectively at room temperature (Table 2, entries 1 and 2), as
well as with aliphatic disubstituted alkynes (Table 2, en-
tries 4–6). Even for the substrate bearing a conjugated
ketone on the alkyne, the serious over-reduction was not ob-
served while significant cis/trans isomerization of methyl
styryl ketone accompanied the partial hydrogenation on the
basis of keto–enol tautomerism (Table 2, entry 3).


Amazingly, monosubstituted (terminal) alkynes (5) were
found to be viable substrates (Table 3). Although the solvent
tuning (addition or use of the more coordinating solvent di-
oxane) to obtain better selectivity is necessary (e.g., com-


pare Table 3, entries 11 and 12), these results were well
worth noting given the high propensity of both aromatic
(Table 3, entries 1 and 2) and aliphatic (Table 3, entries 3–
11) monosubstituted alkynes to undergo partial hydrogena-
tion in good to excellent selectivities. Furthermore, other re-
ducible functionalities such as N-Cbz protective group
(Table 3, entry 3), benzyl ester (Table 3, entry 5), benzyl
ether (Table 3, entry 6) and TBS ether (Table 3, entry 10)
under the hydrogenation conditions could universally be tol-
erated.[15]


In summary, we have developed a new and selective cata-
lyst, Pd0–PEI, for the partial hydrogenation of disubstituted
alkynes to cis-olefins. It is noteworthy that Pd0–PEI catalyst
is also applicable to the partial hydrogenation of monosub-
stituted (terminal) alkynes to monosubstituted olefins al-
though such controlled reactions are usually impossible by
the use of Lindlar catalyst.


Scheme 1. Preparation of 5% Pd0–PEI catalyst.


Table 1. Solvent effect of partial hydrogenation of diphenyl acetylene
using Pd0–PEI catalyst.


Entry Solvent 1a/2a/3a/4a[a]


1 cyclohexane (2 mL) 100:0:0:0
2 AcOEt (2 mL) 100:0:0:0
3 dioxane (2 mL) 100:0:0:0
4 MeOH (2 mL) 0:68:2:30
5[b] MeOH + dioxane 0:72:4:24
6[c] MeOH + AcOEt 0:82:2:16
7 MeOH + AcOEt (1:1) 0:95:1:4
8 MeOH + dioxane (1:1) 0:97:1:2
9[d] MeOH + dioxane (1:1) 0:95:1:4


[a] Determined by 1H NMR spectroscopy. [b] MeOH (2 mL) and dioxane
(0.5 mL) used as a solvent. [c] MeOH (2 mL) and AcOEt (0.5 mL) used
as a solvent. [d] The reaction was performed for 12 h.


Table 2. Pd0–PEI-catalyzed partial hydrogenation of disubstituted al-
kynes.


Entry Substrate 1/2/3/4[a]


1[b] 0:96:4:0


2 0:94:0:6


3 0:36:58:6


4 0:100:0:0


5 0:100:0:0


6 0:100:0:0


[a] Determined by 1H NMR spectroscopy. [b] K2CO3 (1 equiv) was used
as an additive.
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Experimental Section


Preparation of 5% Pd0–PEI catalyst : MeOH (100 mL, HPLC grade) was
added to PEI (2.11 g, average Mw ~25000 by LS, average Mn ~10000 by
GPC, high molecular weight, water free, purchased from Aldrich) deaer-
ated for 48 h in vacuo. After PEI homogeneously solved, resulting solu-
tion was quickly poured into round-bottom flask measured Pd ACHTUNGTRENNUNG(OAc)2
(225 mg, 1.00 mmol) under argon atmosphere. Next, the round-bottom
flask was replaced with H2 by three vacuum/H2 (balloon) cycles after Pd-
ACHTUNGTRENNUNG(OAc)2 completely solved in MeOH/PEI solution. The resulting solution
was stirred for 24 h at room temperature and concentrated in vacuo.


General procedure for the partial hydrogenation of alkynes to olefins
using Pd0–PEI catalyst : In a test tube were placed substrate (1.00 mmol),
5% Pd0–PEI (10 wt% of substrate), a stir bar, and solvent according to
Table 3. The air inside the test tube was replaced with H2 by three
vacuum/H2 (balloon) cycles, and the mixture was vigorously stirred at
ambient temperature. After 24 h, the reaction mixture was partitioned
between Et2O (10 mL) and H2O (10 mL) and the organic layer was
washed with brine (10 mL), dried (MgSO4), and filtered, and concentrat-
ed in vacuo. The product ratio was determined by 1H NMR analysis.


Keywords: green chemistry · hydrogenation · palladium ·
partial hydrogenation · polyethyleneimine
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Table 3. Pd0–PEI-Catalyzed partial hydrogenation of monosubstituted al-
kynes.


Entry Substrate Solvent 5/6/7[a]


1 dioxane (2 mL) 11:85:4


2
MeOH (0.25 mL) + dioxane
(1 mL)


0:93:7


3 dioxane (2 mL) 0:83:17


4
MeOH (1 mL) + AcOEt
(1 mL)


0:98:2


5
MeOH (0.25 mL) + dioxane
(1 mL)


0:100:0


6
MeOH (0.25 mL) + dioxane
(1 mL)


0:96:4


7[b] MeOH (2 mL) + dioxane
(0.5 mL)


0:100:0


8
MeOH (0.5 mL) + dioxane
(2 mL)


0:88:12


9
MeOH (1.5 equiv) + diox-
ane (2 mL)


0:83:17


10 MeOH (1 mL) 0:100:0


11 dioxane (2 mL) 0:88:12


12
MeOH (1 mL) + AcOEt
(1 mL)


0:0:100


[a] Determined by 1H NMR spectroscopy. [b] K2CO3 (1 equiv) was used
as an additive.
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Non-Innocence of N-Heterocyclic Carbene Ligands: Intermolecular C�H
Activation in Allyl Palladium NHC Complexes


Ulrich J. Scheele, Sebastian Dechert, and Franc Meyer*[a]


N-Heterocyclic carbenes (NHCs) have gained great popu-
larity as ligands in organometallic chemistry and homogene-
ous catalysis.[1,2] Due to their excellent performance they
have found widespread use, in particular in Ru-based olefin
metathesis[3] and Pd-catalyzed cross-coupling reactions and
related transformations.[4,5] Chemical and substitutional in-
ertness is often mentioned among their particular advantag-
es, and this is expected to be further amplified by N-func-
tionalized NHCs that bear chelating substituents.[6] It has
been demonstrated, however, that NHC ligands may occa-
sionally become non-innocent and undergo unanticipated
side reactions, including C�C or C�H bond activation,[7,8]


and may shift towards abnormal binding modes.[9] While
several deactivation mechanisms involving NHC ligands
have recently been disclosed for Ru complexes,[7] little is
known about related degradation pathways of NHC–Pd sys-
tems. Most typical for the latter is reductive elimination
yielding Pd0 and 2-alkyl- or 2-arylimidazolium salts,[10] and
palladium colloids and/or anionic Pd0 and PdII species result-
ing from this process are nowadays believed to be the active
compounds in Pd-catalyzed Heck–Mizoroki and cross-cou-
pling reactions.[11] Reports on other decomposition reactions
of NHC–Pd complexes are scarce and comprise ligand ex-
change,[12] formation of NHC–olefin coupling products,[13]


methyl group migratory insertion[14] and nucleophilic attack
of alkoxides on (allyl)Pd ACHTUNGTRENNUNG(NHC)X compounds.[15] Herein we
report an unprecedented reactivity of (allyl)Pd ACHTUNGTRENNUNG(NHC)X
complexes, where the NHC shows a truly non-innocent be-
haviour and suffers C�H activation at the ligand backbone.
Such type of reaction may also prove relevant for various
NHC–Pd catalysts. Since degradation reactions are detri-


mental to catalyst function, understanding them has impor-
tant implications for catalyst design.
As part of a program directed towards the development


of functionalized NHC derivatives with potentially bridging
units, we have recently reported a versatile synthesis of pyr-
azolate-bridged bis(imidazolium) ligand precursors and their
dinuclear (allyl)Pd complexes.[16] Related ligands based on
pyridazines with two imidazolium groups tethered to the 3-
and 6-positions of the diazine heterocycle have also been
obtained in a straightforward procedure[17] and are expected
to serve as useful scaffolds for the synthesis of bimetallic
N,N’-bridged NHC complexes.[18, 19] The corresponding
ligand precursors 1 (Figure 1) bearing only one imidazolium
moiety and their (allyl)Pd complexes were studied as mono-
nuclear benchmark systems in order to probe the stability of
such NHC/pyridazine hybrids and to assess potential cooper-
ative effects in the bimetallic analogues.


Reaction of [{(allyl)PdCl}2] with the in situ generated
NHC ligand derived from 1a yielded the expected mononu-
clear palladium complex 2a, as was confirmed by X-ray
crystallographic analysis (Figure 2)[20] as well as by the char-
acteristic 13C NMR signal for the carbene C2 atom (at
185.4 ppm) and other spectroscopic and analytical data (see
Supporting Information). In 2a the [(allyl)PdCl] fragment is
solely bound to the NHC subunit, leaving the pyridazine
dangling. An anti-orientation is observed in the solid state,
with the pyridazine-N turned away from the [(allyl)PdCl]
fragment.[21]


Complex 2a is a catalyst precursor in Heck-type C�C
coupling under standard conditions (see Supporting Infor-
mation), although with moderate activity. To probe for
aging and stability of 2a an NMR tube of the pure com-
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Institut f>r Anorganische Chemie
Georg-August-Universit@t Gçttingen
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Supporting information for this article is available on the WWW
under http://www.chemistry.org or from the author.


Figure 1. Ligand precursors 1a–c.
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pound in CD3CN was left standing at room temperature.
Unexpectedly, small pale orange crystals of a new com-
pound 3 gradually formed over approximately four months.
The identity of 3 was elucidated by X-ray analysis


(Figure 3).[20] Obviously, two molecules of 2a reacted to
yield a dinuclear complex, in which C–H activation at the
backbone of one of the NHC moieties has occurred, while
the second molecule of 2a has lost its allyl coligand. The re-
sulting propene was indeed found when the reaction was
carried out in a sealed NMR tube. At 60 8C, formation of
propene could already be detected after few hours. Complex
3, which is very poorly soluble, is of interest as it can be de-
scribed as the first example of an NHC moiety bound simul-
taneously to two transition-metal ions in both the normal
(C2) and the abnormal (C4 or C5) positions.[9,22–24]


Additional experiments were carried out to gain some in-
sight into the mechanism leading to the formation of 3. Pre-
sumably, 2a is in equilibrium with an intermediate such as
A (Scheme 1, top; note that A may alternatively be formu-
lated with an h3-allyl group and an ionic chloride), which po-
sitions the allyl fragment and the imidazole backbone C�H
in close proximity suitable for a slow process of C�H inser-
tion or—more likely—formation of a four-membered metal-
lacycle transition state that leads to elimination of propene.


Similar chelate functionalization of imidazolium salts has re-
cently been reported to provide a rational access to non-
classical palladium NHC complexes via an oxidative addi-
tion protocol.[25] Further support for the proposed initial
step leading to A comes from the investigation of 2b,c, in
which the pyridazine-N is no longer available for binding
(Scheme 1, middle). Treatment of 2a with one equivalent of
AgPF6 or AgBF4 induces chloride abstraction and concomi-
tant coordination of the adjacent pyridazine-N to give 2b
(X=PF6


�) or 2c (X=BF4
�), which is accompanied by signif-


icant changes of the NMR signals for the allyl group and the
pyridazine backbone. Complexes 2b,c can also be prepared
from 1b,c or by transmetallation of the corresponding mer-
cury complexes 4b,c (not shown)—an uncommon strategy
that has some advantages compared to the well-known
transmetallation of Ag compounds,[26] including lower costs
and light-insensitivity. Synthetic procedures and analytical
data as well as molecular structures of 1b, 1c, 2b and 4c are
given as supporting information.
In contrast to 2a, complex 2b proved to be stable in solu-


tion. Even after several weeks at 60 8C no signs of any de-
composition reaction were found. This suggests that a non-
coordinated pyridazine ring is required for the first step of


Figure 2. Molecular structure of 2a (thermal ellipsoids drawn at the 30%
probability level). Hydrogen atoms and the disorder of the allyl ligand
are omitted for clarity. Only one of the two crystallographically inde-
pendent molecules is shown. Selected bond lengths [Q] and angles [8]:
Pd1�Cl1 2.4006(6), Pd1�C1 2.055(2), Pd1�C16A 2.184(19), Pd1�C17A
2.146(5), Pd1�C18A 2.111(19); Cl1-Pd1-C1 96.72(6), C16A-Pd1-C1
97.8(3), C17A-Pd1-C1 131.59(16), C18A-Pd1-C1 164.5(4), C16A-Pd1-Cl1
165.1(3), C17A-Pd1-Cl1 129.95(15), C18A-Pd1-Cl1 97.2(3), N2-C1-N3
103.35(18).


Figure 3. Molecular structure of 3 (thermal ellipsoids drawn at the 30%
probability level). Hydrogen atoms and the disorder of the allyl ligand
are omitted for clarity. Selected bond lengths [Q] and angles [8]:Pd1�Cl1
2.381(5), Pd1�C1 2.041(14), Pd1�C16A 2.09(3), Pd1�C17A 2.13(3), Pd1�
C18A 2.20(3), Pd2�Cl3 2.373(4), Pd2�N1 2.104(13), Pd2�C2 1.991(15),
Pd2�C21 1.965(15); Cl1-Pd1-C1 97.4(4), C16A-Pd1-C1 97.2(8), C17A-
Pd1-C1 128.4(10), C18A-Pd1-C1 161.6(10), C16A-Pd1-Cl1 164.8(8),
C17A-Pd1-Cl1 129.9(8), C18A-Pd1-Cl1 100.4(9), N1-Pd2-C21 167.3(5),
C2-Pd2-Cl3 172.9(5), N1-Pd2-C2 80.0(6), C2-Pd2-C21 87.4(6), C21-Pd2-
Cl3 92.4(4), Cl3-Pd2-N1 100.3(4), N2-C1-N3 102.1(12), N12-C21-N13
104.8(13).


Scheme 1. Proposed mechanism for the formation of 3 and 5 from 2a.
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the sequence that in the end results in formation of 3. When
an excess of [{(allyl)PdCl}2] was added to 2a or 2b, no inter-
action was observed in the latter case, whereas reaction with
2a slowly gave a new trinuclear palladium complex 5
(Scheme 1, bottom).
Unfortunately, the very poor solubility of 5 in any organic


solvent hampered its NMR-spectroscopic characterization.
However, the molecular structure of 5 was determined by
X-ray crystallography and is depicted in Figure 4.[20] It re-
veals two fragments of the complex 2a that have been met-
allated and that are linked by an additional central PdII ion
bound to the pyridazine-N1 and backbone C4 atoms of the
NHC moieties.


In close analogy to the putative intermediate A it is likely
that the initial step leading to the formation of 5 is binding
of excess (allyl)PdCl to the N-atom of the dangling pyrida-
zine. Indeed, significant shifts of 1H NMR signals are ob-
served upon addition of [{(allyl)PdCl}2] to a solution of 2a
in CD3CN (see Supporting Information), which indicates a
fast equilibrium reaction that leads to the weakly coordinat-
ed species B (Scheme 1, bottom). Given the anti-orientation
of the pyridazine observed in the structure of 2a (Figure 1),
this brings the incoming (allyl)PdCl moiety very close to the
backbone C�H of the NHC core, just like in A. Using
sealed NMR tubes the evolution of propene could be clearly
detected after prolonged standing and/or heating (60 8C),
which obviously results from activation of that C�H bond
by the pre-coordinated (allyl)PdCl fragment. Subsequent co-
ordination of a second molecule of 2a via its pyridazine-N
followed by elimination of HCl would then finally yield 5
(see Scheme 1). When [{(methallyl)PdCl}2] instead of [{(al-
lyl)PdCl}2] was added to 2a, formation of both propene and
isobutene was observed. This is because rapid scrambling of


allyl and methallyl ligands takes place, leading to reaction
mixtures that contain [{(methallyl)PdCl}2], [{(allyl)PdCl}2],
2a and its methallyl analogue 2aMe (the latter could be pre-
pared and characterized independently, see Supporting In-
formation).
Complex 3 does not react with additional [{(allyl)PdCl}2],


clearly showing that 3 is no intermediate in the formation of
5. This indirectly confirms that the central Pd atom in 5 orig-
inates from [{(allyl)PdCl}2] (but not from 2a). It might be
noteworthy that in the present case C�H metallation at the
NHC backbone occurs, whereas the activated C�Cl bond of
the pyridazine ring remains intact throughout these reac-
tions, underlining the importance of pre-coordination to
bring the reactive sites in spatial proximity.
The proposed mechanistic scenario is in agreement with


all observations made, but preliminary kinetic investigations
suggest that more complex processes might be in operation.
Unfortunately, all products formed in the reactions leading
to 3 and 5 are either volatile or insoluble, and a variety of
fast dynamic equilibrium reactions may occur in ((meth)al-
lyl)Pd systems,[27] which severely hampers the determination
of kinetic data by NMR spectroscopy. Nevertheless, a few
observations can be derived from the preliminary kinetic
studies: The allyl complex 2a reacts faster than its methallyl
analogue 2aMe. The reaction rate (based on consumption of
2a) in the presence of additional [{(allyl)PdCl}2] increases at
higher concentrations of [{(allyl)PdCl}2] as well as at higher
concentrations of starting material (2a/2aMe), in accordance
with the proposed intermolecular reaction. However, nei-
ther reaction leading to 3 or 5 appears to follow simple first
or second order kinetics, again indicating the importance of
preequilibria. Further investigations are necessary to fully
elucidate mechanistic details and are currently ongoing in
our laboratories.
In conclusion, a novel self-deactivation sequence of


(allyl)PdACHTUNGTRENNUNG(NHC) complexes has been discovered, in which
the Pd-bound NHC ligand is non-innocent and undergoes
C�H metallation at the backbone. Complexes 3 and 5 fea-
ture an unprecedented (and unexpected) carbene/alkenyl
coordination of an imidazolium-derived NHC ligand to two
transition-metal ions, which is assisted by the chelating pyr-
idazine arm. This observation underscores that care has to
be taken in reactions employing in situ generated Pd–NHC
catalysts, since unforeseen side reactions might lead to spe-
cies different from the presumed normal Pd–NHC com-
plexes.[28] Additional chelating functions are often intro-
duced to enhance the stability of NHC complexes, but dan-
gling side arms with uncoordinated donor atoms may have
an adverse effect, as was shown here. On the other hand,
the present findings further broaden the scope of NHC
chemistry and suggest to use imidazole-based NHC units as
bridging ligands for the construction of oligo- and polynuc-
lear complexes.


Figure 4. Molecular structure of 5 (thermal ellipsoids drawn at the 30%
probability level). Hydrogen atoms are omitted for clarity. Selected bond
lengths [Q] and angles [8]: Pd1�Cl1 2.3873(13), Pd1�C1 2.030(4), Pd1�
C16 2.110(5), Pd1�C17 2.150(6), Pd1�C18 2.191(4), Pd2�C2 1.965(4),
Pd2�N1 2.089(3); Cl1-Pd1-C1 90.89(13), C16-Pd1-C1 100.99(19), C17-
Pd1-C1 134.1(2), C18-Pd1-C1 169.1(2), C16-Pd1-Cl1 167.23(14), C17-Pd1-
Cl1 132.62(17), C18-Pd1-Cl1 99.34(16), C2-Pd2-N1 79.92(15), C2’-Pd2-N1
174.49(16), N1’-Pd2-N1 103.96(18), C2-Pd2-C2R 96.5(2). Symmetry trans-
formation used to generate equivalent atoms (R): 1�x, y, 1.5�z.
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Novel Bifunctional Chiral Urea and Thiourea Derivatives as Organocatalysts:
Enantioselective Nitro-Michael Reaction of Malonates and Diketones
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The ability of chiral hydrogen-bond donors to catalyze
useful enantioselective transformations constitutes an in-
creasing area of interest, and diverse types of structures
have been described to this end.[1] An important class of
species are urea and thiourea compounds[2] which have fre-
quently been used in several transformations, such as Henry
or aza-Henry,[3] Mannich,[4] Strecker,[5] and Friedel–Crafts[6]


reactions or Michael[7] and nitro-Michael[8] additions.
The modular design of these types of catalysts requires


the possibility to introduce different urea and thiourea moi-
eties and the modification of the structure with the chiral in-
formation. Most of the described catalysts until now are aryl
or diaryl ureas or thioureas with electron withdrawing
groups, although some relatively electron rich derivatives
have proved to catalyze a variety of enantioselective trans-
formations.[9]


The chiral information in the catalyst has been placed at
both the nitrogen terminus in the urea or thiourea or in the
central chiral core. In this respect, a few structures are used
in the preparation of the catalysts, namely chiral diamines,[10]


both enantiomers of trans cyclohexane-1,2-diamine,[10,11] bi-
naphthylamines,[12] diamines derived from cinchona alka-
loids,[13] amino alcohols,[14] and very recently, sugars.[15]


In our opinion, the development of novel chiral scaffolds
to be incorporated into urea and thiourea derivatives, capa-
ble to act as bifunctional organocatalyts, is necessary. Be-
cause, in general, 1,2-diamines are the structures that lead to
the best results, we planned to prepare these compounds
taking into account three facts: i) The starting material
would have be commercially available and cheap; ii) both
enantiomers of the amine must be accessible; and iii) the


synthesis should be able to provide the ability to fine-tune
the substituents at the nitrogen atoms.
We envisioned that natural a-amino acids would be the


starting material of choice and we describe here the synthe-
sis of chiral diamines derived from them and their use as or-
ganocatalysts in nitro-Michael additions of stabilized carban-
ions. The generality of the synthesis was demonstrated in
the preparation of catalysts 4a–i in three steps from com-
mercially available N-Boc protected a-amino acids. The
nature of the substituent at the stereocenter is dictated by
the election of the starting amino acid, the substituents at
the nitrogen atom can be varied in the formation of the a-
amino amide, and the structure of the urea–thiourea compo-
nent is selected depending on the isocyanate–isothiocyanate
used in the last step.
In this way, N-Boc protected l-valine, l-isoleucine, l-phe-


nylalanine, and l-tert-leucine were converted into 1a–h by
reaction with the corresponding amines,[16] which were trans-
formed into 2a–h by deprotection with TFA in methylene
chloride. Lithium aluminum hydride reduction to 3a–g and
condensation with the corresponding isocyanate or isothio-
cyanate yielded the final urea or thiourea derivatives 4a–h
in good yields.[17] The same protocol allowed the preparation
of ent-4a starting from d-valine, and 4 i, regioisomer of 4a,
was obtained from l-valinamide hydrochloride by dimethy-
lation, lithium aluminum hydride reduction and reaction
with 3,5-bis(trifluoromethyl)phenyl isothiocyanate
(Scheme 1).
The catalytic activity of 4a–i was first evaluated in the re-


action of trans b-nitrostyrene 5a with diethyl malonate 6a in
the presence of 10 mol% of catalyst at room temperature,
and the results are collected in Table 1. A set of five differ-
ent solvents was tested as reaction media (entries 1–5 in
Table 1) showing that the reactions occurred in good yields
and moderate to good ee. Only in the case of methanol
(entry 1) the enantioselectivity decreased to 40% ee, proba-
bly because the competitive establishment of hydrogen acti-
vation of the solvent with the catalyst,[8a] and the enantiose-
lectivity increased when less polar solvents were used (com-
pare entries 1–5), or if the reaction was carried out without
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solvent (entry 6). Further optimization of this process shown
that the reaction could be performed with 5 mol% (entry 7)
or 2 mol% (entry 8) of catalyst loading without decreasing
the enantioselectivity, although in the last case the yield de-
creased for the same reaction time.
The effect of the modification of the core chiral structure


of ureas and thioureas on the enantioselectivity was sudied
by using 4b–i as catalysts in toluene as solvent. In general,
the modification of the alkyl substituent has little influence
on the reaction enantioselectivity (85–88% ee, entries 5, 9–
11), with valine-derived catalyst providing the best results.
Interestingly, the use of urea 4e as catalyst gave excellent
yield and very good ee (entry 12).
On the contrary, the substituents at the amine nitrogen


atom or the stereogenic nature of the carbon atom where
the thiourea environment is attached were observed to exert
a very significant effect on both the yield and the enantiose-
lectivity of the reaction. In this way, N,N-dibenzyl derivative
4 f was unable to promote the reaction after 48 h at RT
(entry 13). Catalyst 4 i, regiosisomer of 4a where the thiour-
ea substituent is attached to a non-stereogenic carbon atom,
led to the addition product in low yield and very low enan-
tioselectivity (entry 14).
The reaction temperature also plays an important effect


on the enantioselectivity. The reactions carried out in tolu-
ene with 10 mol% of the catalyst at �18 8C (entries 15–22)
demonstrated that at low temperature the enantioselectivity
increased to 95% ee without decreasing the yield, although
in same cases the reaction time must be increased to 48 h.
In these conditions, the N-methyl-N-isopropyl derivative 4g
lead to the addition product in excellent yield (97%) and ee
(94%), and the phenylthiourea 4h which has a greater pKa


than the 3,5-bis(trifluoromethyl) derivatives, and conse-
quently with decreased H-bond donating ability,[17] also pro-
motes the reaction with moderate yield (65%) and good ee
(85%) although for a long period of time (entry 21). Cata-
lysts 4a–i, derived from l-amino acids gave addition prod-
ucts with S configuration at the created stereocenter, and as
expected thiourea ent-4a, derived from d-valine yielded the
addition product with R configuration with excellent yield
and ee (entry 22).
We next studied the effect of the variations of the nucleo-


philic structure on the addition reaction. To this end, trans
b-nitrostyrene was treated with different malonates or acety-
lacetone (6a–h) in toluene at �18 8C and 10 mol% of cata-
lyst 4a, and the results are summarized in Table 2. It is note-
worthy that the ease of the reaction is dependent upon the
size of the alcoxy group of the unsubstituted malonates (en-
tries 1-4 in Table 2). The reaction with dimethyl malonate
6b was completed after 24 h, and the addition product was
obtained in excellent 95% yield and 93% ee (entry 2), and
the reaction time increased, and the yield diminished with
the bulk of the alcoxy substituent. The bulkiest di-tert-butyl
malonate did not react in the described conditions after
120 h of stirring.


Scheme 1. Synthesis of urea and thioureas 4a–i.


Table 1. Nitro-Michael reaction of trans-nitrostyrene with 6a catalyzed
by 4a–i.


Entry Catalyst Solvent t [h] Yield [%][b] ee [%][c] (Config.)[d]


1 4a CH3OH 28 73 40 (S)
2 4a CH3CN 30 82 79 (S)
3 4a THF 31 64 85 (S)
4 4a CH2Cl2 32 77 86 (S)
5 4a toluene 25 83 88 (S)
6 4a neat 23 81 84 (S)
7e 4a toluene 48 85 88 (S)
8f 4a toluene 48 55 89 (S)
9 4b toluene 29 87 87 (S)
10 4c toluene 30 93 85 (S)
11 4d toluene 22 83 87 (S)
12 4e toluene 22 93 87 (S)
13 4 f toluene 48 – –
14 4 i toluene 46 44 14 (S)
15[g] 4a toluene 44 90 95 (S)
16[g] 4b toluene 46 88 93 (S)
17[g] 4c toluene 46 67 89 (S)
18[g] 4d toluene 43 94 92 (S)
19[g] 4e toluene 19 91 92 (S)
20[g] 4g toluene 48 97 94 (S)
21[g] 4h toluene 96 65 85 (S)
22[g] ent-4a toluene 48 90 93 (R)


[a] Unless otherwise specified, the reaction was carried out with 1 equiv
of 5a and 2 equiv of 6a in the presence of 10 mol% of catalyst at room
temperature. [b] Isolated yield. [c] Enantiomeric excess was determined
by HPLC analysis of 7a using a chiral column. [d] Absolute configuration
was determined by comparing the optical rotation of 7a with that of the
literature data. [e] 5 mol% of the catalyst was used. [f] 2 mol% of the
catalyst was used. [g] The reaction was carried out at �18 8C.
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Acetylacetone 6e easily reacted with nitrostyrene yielding
the addition product 7e in 99% yield and 93% ee within 4 h
(entry 5). More interesting are the additions of substituted
malonates because of the formation of a quaternary carbon
center in the final products. In this way, 2-methyl dimethyl
malonate yielded the addition product 7 f in moderate yield
(57%) but excellent 96% ee after 72 h of reaction (entry 6),
whereas the protected 2-amino diethyl malonate also react-
ed in moderate yield and ee (entry 8). In contrast, the reac-
tion of 2-chlorodimethyl malonate was completed after only
1 h leading to 7g in excellent 86% yield and complete enan-
tioselectivity (entry 7).
Finally, we screened a series of reactions of diethyl malo-


nate with nitroolefins 5a–f bearing different b-substituents
promoted by catalysts 4a–e in toluene at �18 8C. As illus-
trated in Table 3, p-chloronitrostyrene 5b underwent conju-
gate addition of diethyl malonate in the presence of cata-
lysts 4a–e in excellent yields and ee values; the results are
almost independent of the nature of the catalyst. The reac-
tion promoted by urea 4e was faster than those carried out
with thiourea catalysts, although the ee was slightly lower
(entry 5). The addition of diethyl malonate to p-methoxyni-
trostyrene 5c in the presence of 4a proceeded with high
yield and enantioselectivity, but the rate of the reaction was
somewhat decreased, probably due to the electron-rich char-
acteristics of the substituent, whereas the o-nitro substituted
nitrostyrene and the nitroolefin with a 2-furyl substituent
behaves in a similar way as b-phenylnitrostyrene do (en-
tries 7, 8 in Table 3). In contrast to this general behavior, the
nitroolefin with a saturated substituent at b-position (5 f)
slowly reacted with diethyl malonate, yielding the addition
product 8 f in moderate yield (69%) and ee (81%) after
144 h of stirring in toluene at �18 8C (entry 9).
In summary, we have successfully developed a modular


synthesis of novel bifunctional urea and thiourea organoca-
talysts derived from cheap, easily accessible natural and


non-natural amino acids. The method allowed the prepara-
tion of both enantiomers of the catalysts starting from l- or
d-amino acid series. Taking the Michael addition of malo-
nates or dicarbonyl compounds to nitroolefins as a model
we have tested the ability of these structures as enantiose-
lective organocatalysts, proving the generality of their use.
Among the tested catalysts, 4a and ent-4a, thioureas derived
from l- or d-valine respectively, are the most promising in
terms of cost, yield and enantioselectivity. The enantioselec-
tive additions in presence of these catalysts occurred with
excellent yield and ee, and they are compatible with a varie-
ty of nitroolefins and donors. In this way, they can be effi-
ciently used to create tertiary and quaternary carbon center.
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In the past decade much effort has been devoted to the
synthesis and studies of molecular systems comprising por-
phyrin units bridged by well-defined p-conjugated spacers at
the meso- or b-positions.[1–4] These conjugated oligoporphyr-
in systems are expected to have potential applications in
molecular wires and electronic devices due to their unique
optical, physical, and chemical properties. Photophysical
studies on electron transfer of a series of ferrocene–oligo-
porphyrin–fullerene triads show that a meso–meso buta-
diyne-bridged oligoporphyrin acts as an efficient molecular
wire for long-range charge transfer over 65 &.[5] More re-
cently, the conductivity measurements on butadiyne-bridged
porphyrin polymers indicate that the formation of double-
strand 4,4’-bipyridyl ladder complex by addition of bipyri-
dine to the single-strand porphyrin polymer leads to an in-
crease in conductivity by an order of magnitude.[6] EPR
studies performed by Therien and co-workers on meso–
meso ethyne-linked porphyrin oligomers show that this type
of conjugated molecules is able to mediate charge migration
over a distance of about 75 &.[7] The synthesis of meso–
meso, b–b, b–b triply-linked porphyrin tapes reported by
Osuka represents a milestone in the area of porphyrin mo-
lecular wires.[3] The fully conjugated porphyrin tapes exhibit
remarkable properties including very low optical HOMO–
LUMO gap, low oxidation potential and rigid structure, and
they may find use in a variety of molecular electronics.


Despite extensive studies on the conjugated porphyrin
arrays, oligoporphyrin molecular wires that show switchable
conductance states by chemical or electrochemical means
are rare. One example is the porphyrin arrays in which the
individual macrocyles are laterally-linked by a quinonoid
unit at the b,b’-positions of the porphyrin rings.[8] In this
system, the electronic communication between porphyrin
units can be modulated by quinonoid/benzenoid conversion
using chemical or electrochemical means. Another example
of switchable porphyrin wires is the systems where proqui-
noidal units bridge two porphyrins.[9] It is well known that
the reversible conversion between quinone and hydroqui-
none can be achieved by chemical or electrochemical meth-
ods.[10] Incorporation of a quinone unit into the central part
of a porphyrin dimer via acetylene linkers would allow the
interporphyrin interaction to be switched off and on in a
controllable fashion and this type of molecules may have
the potential for the application in switchable molecular
wires. Therefore, we set out to design and synthesize a series
of porphyrin dimers Ni22, Ni23, and Ni24 to explore their po-
tential as redox-controllable switching molecules.


The synthetic routes to porphyrin dimers Ni22, Ni23, and
Ni24 were outlined in Scheme 1.[11] The coupling reaction of
porphyrin Ni1 with the diiodide gave porphyrin dimer
Ni22.


[12] Demethylation of Ni22 to give Ni23 employing
excess BBr3 was unsuccessful. However, the demethylation
can be achieved by the reaction of excess BBr3 with the free
base of the zinc analogue Zn22, obtained by a procedure
similar to that for Ni22.


[13] Subsequent nickel insertion af-
forded porphyrin dimer Ni23. The oxidation reaction of
dimer Ni23 with PbO2 gave porphyrin Ni24.


[14] For compari-
son purposes, porphyrin Ni5 was synthesized by employing a
procedure similar to that for Ni22. The molecular structures
of these porphyrins were confirmed by various spectroscopic
methods such as NMR, UV/Vis, IR spectroscopy, and mass
spectrometry.


Figure 1 shows the crystal structure of compound Ni5.[15]


The bond lengths and angles fall in the normal range. The
porphyrin ring adopts an essentially planar conformation
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and is nearly coplanar with the dimethoxyphenyl ring. The
coplanar arrangement can be ascribed to the crystal packing
forces.[11,16] It is possible that the two porphyrin rings and
the bridge in dimers Ni22 and Ni23 are coplanar in the solid-
state. The rigid and conjugated spacers in Ni22 and Ni23
would facilitate the electronic coupling between the porphy-
rin units although the spacers can undergo free rotation in
solution.


The absorption spectra of porphyrin dimers Ni22, Ni23,
and Ni24 and reference compound Ni5 in THF are summar-
ized in Figure 2 and Table 1. The spectrum of dimer Ni22
displays a quite similar feature to that of Ni23, suggesting
that the dimethoxybenzene and hydroquinone units in Ni22
and Ni23, respectively, mediate the interporphyrin interac-
tion in a similar way. As compared to that of Ni24, the Soret
bands of Ni22 and Ni23 show peak-broadening and red-shift.
The full width at half maximum (FWHM) is calculated to
be 4386 cm�1 for Ni23, which is much larger than that for
Ni24 (FWHM=2098 cm�1). It should be noted that Ni24
shows a broad band at 15965 cm�1 in THF, which shifts to
15210 cm�1 in a mixture of CHCl3/MeOH (2:1), while the
Soret and Q ACHTUNGTRENNUNG(1,0) bands are only slightly shifted (Figure S1
in the Supporting Information). Most likely this broad band
consists of both the QACHTUNGTRENNUNG(0,0) band and charge transfer band
from the porphyrin to the quinone unit. Further studies on
the nature of this broad band will be continued. Comparison
of the Soret band for porphyrin Ni22 with that for reference
compound Ni5 confirms that peak-broadening of Ni22 is not
induced by the electronic interaction between the porphyrin


and dimethoxylphenyl units. A significant increase in the in-
tensity of Q bands for Ni22 and Ni23 relative to that for Ni5
was observed. These spectral features for Ni22 and Ni23 can
be explained by a decrease of the energy gap between
HOMO and LUMO as a result of the extended p-conjuga-
tion and indicate that there is strong interporphyrin interac-
tion mediated by the benzenoid unit.[17] In the case of Ni24,
the quinone bridge containing isolated double and single
bonds effectively disrupt the electronic coupling between
the two porphyrin ends.


Scheme 1. Synthesis of porphyrin dimers. a) AsPh3, [Pd2 ACHTUNGTRENNUNG(dba)3], NEt3
(Ni22, 82%; Zn22, 89%). b) i) Zn22, 20% HCl, CH2Cl2; ii) BBr3, CH2Cl2;
iii) Ni ACHTUNGTRENNUNG(OAc)2·4H2O, CHCl3/AcOH (Ni23, 43% over 3 steps); c) PbO2,
CH2Cl2 (90%).


Figure 1. X-ray crystal structure of Ni5. a) Top view. b) Side view (meso-
substituted aryl groups omitted for clarity). The thermal ellipsoids were
drawn at the 50% probability level.


Figure 2. Absorption spectra of Ni22 (g), Ni23 (c), Ni24 (c), and
Ni5 (a) in THF.
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A simple way to evaluate intramolecular interaction be-
tween the porphyrin units in porphyrin arrays is to study
their electrochemical properties. It is anticipated that two
one-electron oxidations for the first electron abstraction
from the porphyrin units of Ni23 should be observed if the
individual macrocycles are electrochemically coupled. How-
ever, the electrochemical reactions of dimer Ni22 instead of
Ni23 were studied since the oxidation of the hydroquinone
bridge in Ni23 occurs prior to that of the porphyrin rings
and the 1,4-diethynyl-2,5-hydroxyphenyl and 1,4-diethynyl-
2,5-dimethoxyphenyl bridges in Ni22 and Ni23, respectively,
should modulate the interporphyrin interaction in a similar
way as evinced by the absorption spectra. The electrochem-
istry of Ni22 and Ni24 were investigated by cyclic voltamme-
try and differential pulse voltammetry. As shown in
Figure 3, porphyrin dimer Ni22 exhibits two overlapping
one-electron reversible oxidations at potentials of E1/2-
ACHTUNGTRENNUNG(ox1)=++0.90 and E1/2ACHTUNGTRENNUNG(ox2)=++0.99 V, which are resolved
by using differential pulse voltammetry, and a two-electron
process at E1/2ACHTUNGTRENNUNG(ox3)=++1.27 V. The first two one-electron
oxidation processes can be assigned to successive formation
of the monocation and dication, indicative of strong inter-
porphyrin interaction in Ni22. The separation of the redox
potentials E1/2ACHTUNGTRENNUNG(ox1) and E1/2ACHTUNGTRENNUNG(ox2) is 90 mV and the compro-
portionation constant (Kc) was estimated to be 22.[18] As
compared to the 1,4-ethynylphenyl-bridged nickel porphyrin
dimer,[19] in which the first two one-electron oxidation po-
tentials in CH2Cl2 at 298 K are separated by 50 mV, our por-
phyrin Ni22 shows a stronger electronic coupling between
the porphyrin units via the bridge. This may be ascribed to
the better energy proximity of the frontier orbitals of the
porphyrin units and those of the 1,4-diethynyl-2,5-dimethox-
yphenyl linker because the electron-donating nature of the
methoxyl groups would elevate the energy of both HOMO
and LUMO of the linker. The cyclic voltammogram of Ni24
(Figure 3) shows that the first two-electron oxidation occurs
at E1/2=++1.08 V corresponding to the first electron abstrac-
tion from both the porphyrin rings to form Ni24


2+ , indicating
that the two porphyrin units do not show electronic coupling


via the quinone bridge. The second two-electron oxidation
corresponding to the formation of Ni24


4+ was observed at
E1/2=++1.27 V. In the reduction region, the first two one-
electron processes at E1/2=�0.26 and Epc=�0.72 V can be
assigned to the reductions of the quinone unit and the two-
electron process at a potential of �1.37 V corresponds to
the first electron addition to both the porphyrin rings.


Calculations of molecular orbitals of Ni22 were performed
by the PM3 method using Spartan ’06 (Figure S2 in the Sup-
porting Information). The building blocks used for the con-
struction of Ni22 were taken from the crystal structure of
porphyrin Ni5, the symmetry of the molecule was uncon-
strained to C1. For Ni22, the electron density is significantly
distributed to the p-system of both porphyrin rings and the
bridge at the HOMO and LUMO, suggesting significant in-
teraction between the two porphyrin rings, that is, the por-
phyrin units would behave as electrochemically dependent
groups. In the case of the quinone-bridge dimer Ni24, the
electron density of the HOMO is essentially localized on
the two porphyrin rings and the LUMO is mainly contribut-
ed from the diethynylquionone unit. Furthermore, slight
splitting (0.1 eV) of HOMO and HOMO-1 for Ni22, which
was absent in Ni24, was observed. These results are in a
good agreement with the absorption spectra and electro-
chemical measurements.


To gain insight into the interporphyrin interaction in
dimer Ni22, the oxidations were further investigated by elec-
tronic absorption. Figure 4 shows the UV/Vis-near IR spec-
tra of Ni22, Ni22


+ , and Ni22
2+ . The monocation Ni22


+ was
generated in situ by reacting Ni22 with one equivalent of
[(p-BrC6H4)3N] ACHTUNGTRENNUNG[SbCl6] in CH2Cl2. The corresponding dicat-
ion Ni22


2+ can be generated by further addition of another
equivalent of [(p-BrC6H4)3N] ACHTUNGTRENNUNG[SbCl6]. Both monocation
Ni22


+ and dication Ni22
2+ are relatively stable since they


can be converted back to the neutral form of compound
Ni22 by reacting with a slight excess of ferrocene. In the
near-IR region, the monocation Ni22


+ displays a broad in-
tervalence charge transfer (IVCT) band near the detection


Table 1. Absorption data for porphyrins Ni22, Ni23, Ni24, and Ni5.


lB [cm�1]
ACHTUNGTRENNUNG(loge)[a]


lQ [cm�1]
ACHTUNGTRENNUNG(loge)[a]


FWHM[b] Absorption
l [cm�1][c]


Absorption
l [cm�1][c]


Neutral form B-band
[cm�1]


Mono-
cation


Di-
cation


Ni22 22371 (5.35),
21008 (5.36)


18215 (4.60),
16287 (4.99)


4262 23529,
16666,
12345,
3385


24390,
20408,
13888,
7576


Ni23 22371 (5.35),
21008 (5.30)


18248 (4.60),
16313 (4.96)


4386


Ni24 23365 (5.48) 19305 (4.52),
16026 (4.71)


2098


Ni5 22831 (5.52) 18315 (4.41),
17212 (4.41)


1380


[a] The absorption spectra was taken in THF. [b] FWHM is the full width
at half-maximum height. [c] The oxidized species of Ni24 and Ni5 are rel-
atively unstable.


Figure 3. a) Cyclic voltammograms (c) and differential pulse voltam-
mograms (g) for Ni22 and b) cyclic voltammograms for Ni24 in CH2Cl2
containing 0.1m TBAPF6 at a scan rate of 0.1 Vs�1.
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limit of 3385 cm�1, which disappears upon further oxidation
to the corresponding dication Ni22


2+ . In this porphyrin
dimer system, the existence of the IVCT band upon one-
electron oxidation again demonstrates strong electronic cou-
pling between the two porphyrin units. For comparison pur-
poses, Ni24 and Ni5 were oxidized under similar conditions
and a broad IVCT band was not observed for the oxidized
species (Figures S3 and S4 in the Supporting Information).


We proposed a simple synthetic approach that allows us
to incorporate a redox-active bridge into a porphyrin dimer.
In comparison with those of dimer Ni24, the electronic ab-
sorptions of porphyrin dimers Ni22 and Ni23 exhibit signifi-
cant peak-broadening and red shifts. The redox potentials of
the first and second oxidations for Ni22, corresponding to
the formation of Ni22


+ and Ni22
2+ species, are separated by


90 mV. The mixed-valence species Ni22
+ shows a broad


IVCT band and this broad IVCT band disappears for Ni22
2+


species. These spectroscopic and electrochemical data con-
firm that the two porphyrin units in Ni22 and Ni23 exhibit
strong electronic coupling while those in Ni24 are essentially
independent. Thus, we propose that in dimer Ni24 the qui-
none bridge can be reversibly switched off and on by elec-
trochemical or chemical means from cross-conjugated qui-
nonoid to through-conjugated benzenoid states (Scheme 2).
This type of porphyrin dimers holds promise to be used in
the application of controllable molecular switches. Further
studies on the switching properties of these porphyrin arrays
and related analogues are underway in our laboratory.
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Microporous materials, often referred to as molecular
sieves or open-framework materials, are a class of inorganic
solids that possess regular pores or voids in the size range of
5–20 �. Zeolites are the most well known family of such
materials.[1,2] Even though numerous zeolite structures have
been successfully synthesized, it is still necessary to rational-
ly design and synthesize more and more zeolite structures
with specific architectures and properties, which requires a
full understanding of the crystallization process and the for-
mation mechanism of zeolites.[3] Various mechanisms have
been discussed regarding the process of establishing the
long-range crystal structure.[4–9] Several assembly mecha-
nisms regarding the nucleation and crystal growth have
been proposed, including the formation and consumption of
small primary units, medium nuclei, and large crystals.[10]


Despite these efforts, due to the complexity of the zeolite
formation process, a thorough understanding of the zeolite
formation mechanism remains a challenge.[11]


Many techniques, such as X-ray diffraction and scatter-
ing,[12] NMR spectroscopy,[13] and electron microscopy[14]


have been used to study the formation mechanism of zeo-
lites. Most studies were performed by using ex situ tech-
niques, namely by frequently removing aliquots of the reac-
tion mixture and analyzing the samples after quenching the
reaction. However, microporous zeolite-type materials are
usually synthesized under hydrothermal conditions, and the
need for sample quenching and workup may cause dramatic
and undeterminable structural changes.[15] Moreover, it is


very difficult to follow the complex mechanism by which
they assemble from precursor species.[16]


In situ real-time characterization that can probe the inter-
mediate species occurring during zeolite formation, without
the need for quenching, not only allows the continuous
monitoring of the reaction, but also allows the reactions to
be studied under real reaction conditions. Thus, it is para-
mount to study the synthesis mechanism of zeolites under
actual synthesis conditions, by developing in situ characteri-
zation methods.[17–19]


Raman spectroscopy is a suitable technique to investigate
aqueous solutions as well as solid phases of zeolite synthesis
mixtures due to the low Raman scattering cross section of
water. In situ visible Raman spectroscopy has been shown
to be suitable for monitoring the evolution of the template
during the hydrothermal synthesis.[20] However, it is often
not possible to use visible Raman spectroscopy to monitor
the zeolite framework formation due to the strong fluores-
cence caused by the template and highly hydrated material
during the hydrothermal process. In particular, UV Raman
spectroscopy has been demonstrated to be a powerful tool
for the characterization of zeolites with its advantages of
avoiding the fluorescence and increasing the sensitivity.[21,22]


These advantages make UV Raman spectroscopy a poten-
tially valuable tool for the in situ study of the mechanism of
zeolite framework formation.


Herein we demonstrate that UV Raman techniques can
be applied to the in situ study of zeolite synthesis and are
suitable for monitoring the formation and evolution of inter-
mediate species under hydrothermal synthesis conditions. In
the present work, we monitor the evolution of precursors
and the formation of zeolite crystal particles during the hy-
drothermal crystallization of zeolite X, using a specially de-
signed in situ Raman cell coupled to a UV Raman spec-
trometer. A formation mechanism of zeolite X in both the
liquid and solid phase is presented based on the Raman re-
sults combined with X-ray diffraction patterns,[27] Al MAS
NMR spectroscopy, and theoretical calculations.
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Figure 1 shows the powder X-ray diffraction patterns of
the solid phase of zeolite X for the various stages of crystal-
lization. The X-ray diffraction patterns after the crystalliza-
tion for 30, 60, 90, and 120 min show only the peaks of the
amorphous aluminosilicate solids. The peaks at 6.1, 10.0,
15.4, 23.3, 26.6, and 30.9 are observed in the XRD patterns
of the samples after a crystallization for 150 min. These
peaks are characteristic of zeolites with a FAU structure.
Highly crystalline zeolite X was obtained after a crystalliza-
tion for 180 min.


Figure 2 shows the in situ Raman cell for the hydrother-
mal synthesis of zeolites. The cell is designed to simulate the
real synthesis autoclave that operates under high pressure
and temperature. It is surrounded by a copper heating loop.
A lens was sealed with silicon rubber on the top of the cell
to focus the laser on the surface of the studied samples in
the cell. By using a lens as the window of the in situ cell, the
Raman signal is more than 3–4 times stronger than that ob-
tained using a plane window. It can withstand temperatures
up to 250 8C and a pressure of about 40 bar under hydro-
thermal conditions for zeolite synthesis. To investigate the


synthesis reactions in the liquid and solid phases, two types
of sample holders were used. For the liquid phase, we used
a deep cup to focus the laser in the liquid layer (Figure 2b).
For the solid phase, we used a shallow cup so that the laser
point can be focused on the interface between the liquid
and solid phases (Figure 2c).


Figure 3 shows in situ UV Raman spectra recorded for
the liquid phase at 373 K under hydrothermal conditions.
The initial spectrum of the liquid phase presents a broad
band centered at 500 cm�1, and distinct bands at 774, 920,
and 1060 cm�1. The band at 500 cm�1 is attributed to amor-
phous silicate. The band at 1060 cm�1 is associated with
CO3


2� species formed in the gel due to the reaction of
NaOH and CO2 in solution.[23] The bands at 774 and
920 cm�1 appear and vary in parallel steps. The two bands
can be attributed to monomeric silicate species in the liquid
phase.[24–26] A plot of the intensity of the band at 774 cm�1 as
a function of time is shown in the insert of Figure 3. The in-
tensity of the band at 774 cm�1 increases with crystallization
time and reaches a maximum intensity at about 120 min,
and then decreases on prolonged crystallization time. This


indicates that the liquid phase
is dominated by monomeric sili-
cate species that are directly in-
volved in the zeolite formation.
This process can be described
as follows: In the initial gel, the
amorphous solid is in equilibri-
um with solution species. With
increasing temperature, a large
amount of monomers are
formed from the depolymeriza-
tion of amorphous precursors


Figure 1. Powder X-ray diffraction patterns of the solid phase of zeolite
X formed after crystallization for 30, 60, 90, 120, 150, 180, and 240 min.


Figure 2. Schematic diagram of a) the in situ Raman cell for hydrothermal synthesis of zeolites, b) the sample
holder inserted into the in situ Raman cell for the liquid-phase study and the focus point, and c) the sample
holder inserted into the in situ Raman cell for the solid-phase study and the focus point.


Figure 3. In situ UV Raman spectra (excited at 325 nm) of the liquid
phase of zeolite X synthesis at 373 K; spectra were collected from 0 min
to 270 min, at intervals of 15 min. Insert: Plot of the intensity of the band
at 774 cm�1 as a function of crystallization time.
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(see Figure 1, 30–90 min). As the reaction proceeds, the
growing product crystals (see Figure 1, 90–180 min) require
more monomers. Finally, all amorphous precursors have
been consumed and transformed into the crystalline zeolite
(see Figure 1, 180–240 min).


The sharp band at 500 cm�1 in Figure 4 indicates that the
gel predominantly consists of 4-rings.[27, 28] Upon heating, this
band becomes prominent, and gradually shifts to 514 cm�1,
which is the breathing mode vibration of the 4-ring in the
crystalline framework of zeolite X. The characteristic
Raman bands of zeolite X at 298 and 380 cm�1 appear with
the development of the synthesis. These bands, which are as-
signed to the bending mode of double 6-rings, indicate that
the formation of zeolite X framework is directly related to
the 4-ring and 6-ring species.[29] A plot of the intensity of the
band at 514 cm�1 is shown in the insert of Figure 4. Signifi-
cant changes in the intensity of this band are observed after
heating for 150 min. This is in accordance with the X-ray
diffraction results (see Figure 1).


It is noteworthy that the band at 575 cm�1 appears at the
very beginning of the synthesis. This band is attributed to
the aluminosilicate precursors, and diminishes during the
crystallization (see insert of Figure 4). The most interesting
phenomenon is that two bands at 298 and 380 cm�1 appear,
while the band at 575 cm�1 disappears, indicating that the
band at 575 cm�1 is directly related to the formation of the
framework of zeolite X. Clearly, the species giving rise to
the band at 575 cm�1 is a key intermediate in the formation
of zeolite X. Raman bands between 550 and 600 cm�1 have
been assigned to Al-O-Si stretches.[30] Guth et al. reported a
band at 577 cm�1 for a solution of aluminate and silicate


under strong basic conditions, and assigned the band to the
aluminosilicate anions.[25] Dutta et al. also observed this
band in similar aluminosilicate solutions.[31]


Figure 5a–c show the UV Raman spectra of a series of
gels with similar composition but different SiO2/Al2O3


ratios. The intensity of the band at 575 cm�1 increases to-
gether with that at 500 cm�1, which is due to the ring breath-
ing vibration of the 4-ring. In addition, the band at 575 cm�1


is detected in the Raman spectrum of the solid phase of the
gel with a SiO2/Al2O3 ratio of 4:1 (Figure 5e), whereas the
band at 575 cm�1 is not observed in the Raman spectrum of
the liquid phase of the gel with a SiO2/Al2O3 ratio of 4:1
(Figure 5d), indicating that the band at 575 cm�1 is associat-
ed with the solid phase of the precursor (Figure 5c–e).
These results suggest that the band at 575 cm�1 may be re-
lated to the Al-O-Si unit associated with the ring structure
in the precursor. The fact that this vibration shows a very
different frequency compared to that of the Al-O-Si unit in
the ring structures suggests that this band may mainly origi-
nate from a ring with branched chains.[25]


The mechanism of the formation of the framework of zeo-
lite X, based on in situ Raman spectra and DFT calcula-
tions, is proposed in Figure 6: In the very early stage of the
synthesis process, the amorphous precursor (“gel”) is dis-
solved to yield small soluble species such as monomer sili-
cate species that are characterized by the increase of the
band intensity at 774 cm�1. The precursors are dominated by
4-ring structures, although some of them may possibly exist
in a branched form, which is characterized by the band at
575 cm�1. The 4-rings connect with each other to form frag-
ments[10]—a process that is characterized by an increase of
the band intensity around 500 cm�1 and a decrease of the
band intensity at 575 cm�1. This period is the well-known


Figure 4. In situ UV Raman spectra (excited at 325 nm) of the solid
phase of zeolite X synthesis at 373 K; spectra were collected from 0 min
to 270 min, at intervals of 10 min. Insert: Plot of intensities of the bands
at 380, 514, and 575 cm�1 as a function of crystallization time.


Figure 5. UV Raman spectra of the gel phase a) SiO2/Al2O3=1:1; b)
SiO2/Al2O3=2:1, c) SiO2/Al2O3=4:1; d) the liquid phase SiO2/Al2O3=


4:1; and e) the solid phase SiO2/Al2O3=4:1 after washing with water.
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“induction period” in zeolite synthesis, which is a “black”
stage in terms of XRD patterns, but can be characterized by
UV Raman spectroscopy. During this stage, the monomer
species are concentrated and become involved in the forma-
tion of the framework of zeolite X, a process that is accom-
panied by a decrease in the band intensity at 774 cm�1 in the
liquid phase and an increase in the intensity of the band due
to the zeolite formation in the solid phase. The gradual shift
of the band at 500 to 514 cm�1 indicated that some partially
crystalline domains may form.[9] The appearance of the
bands of double 6-rings and a 4-ring at 514, 290, and
380 cm�1 indicates the formation of the finely crystalline
framework by the conversion of partially crystalline domains
by aggregation and realignment of preassembled building
blocks.[9,10, 33] Most of the precursors become crystalline at
the end of the crystallization, while the monomers are con-
sumed. This is in agreement with the drop in intensity of the
monomer species at 774 cm�1 in the liquid phase.


In summary, in situ UV Raman spectroscopy is demon-
strated to be a powerful tool for monitoring the solid and
liquid phases in zeolite synthesis under hydrothermal condi-
tions. During the hydrothermal synthesis of zeolite X, the
amorphous solid phase dissolves to form monomer silicate
species in the liquid phase, while amorphous aluminosilicate
species composed of predominately 4-rings are formed in
the solid phase in the early stage of nucleation. These 4-
rings are connected with each other via double 6-rings to-
gether with the monomer silicate species in the liquid phase
to form the crystalline zeolite X framework. In situ Raman


spectroscopy could be applied to the study of the synthesis
mechanisms of a wide range of zeolites as well as many
other materials, particularly in hydrothermal synthesis at
high pressures and temperatures.


Experimental Section


Synthesis procedure of zeolite X : The starting composition of the seed
solution for zeolite X synthesis is 18Na2O·1Al2O3·19SiO2·370H2O. The
seed solution was prepared and then aged at room temperature for 24 h.
The final seed solution is a clean solution. The composition of the start-
ing gel is 3Na2O·1Al2O3·3SiO2·117H2O. Sodium silicate was added to the
solution of sodium aluminate in NaOH. The seed solution was added to
the solution when the hydrolysis of the reaction mixture was finished.
The reaction mixture was stirred rapidly to form a homogeneous gel with
a Si/Al ratio of 1.5:1.


Characterization : UV Raman spectra were measured with a Jobin–Yvon
T64000 triple-stage spectrometer with spectral resolution of 2 cm�1. The
laser line at 325 nm of a He/Cd laser was used as an exciting source with
an output of 50 mW. The power of the laser at the sample was about
3.0 mW.


Theoretical methods : DFT, with the B3LYP hybrid exchange-correlation
functional, was used to perform the calculations. Geometry optimizations
were all performed with the Gaussian 03 program, and a 6-31+G ACHTUNGTRENNUNG(d,p)
basis set was used. For all the systems considered we have determined
equilibrium geometries in the gas phase and have evaluated vibrational
frequencies. To allow a comparison with the experimental results, all the
computed frequencies were scaled by a factor of 0.96 to account for the
overbinding of the exchange-correlation functional employed in density
functional theory. The solvation effect was included by using the continu-
um solvation COSMO method implemented in the Gaussian 03 package.
The COSMO method has been reported to be an appropriate approach
for studying the silica reaction in a solution.[33–35]
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Introduction


The electronic and structural properties of the seemingly
simple first-row transition-metal dihalides have been debat-
ed by both theoreticians and experimentalists for many
years.[1,2] Infrared (IR) spectroscopy and electron diffraction
(ED) have been the primary means of determining the ge-
ometry of these systems. The ED study of CrCl2


[3] and
CrF2,


[4] and the IR spectroscopic studies of different chromi-
um dihalides[5–12] have been reported previously. However,
the unambiguous determination of their structure has been
a problematic issue. According to mass spectrometric studies
of chromium dihalides[13,14] their vapor phase is complex, as
considerable amount of small clusters (up to tetramers) are


present beside the monomers. This fact makes the analysis
of both electron diffraction and gas-phase spectroscopic re-
sults rather difficult, since the information concerning the
monomeric molecules is buried among the ones correspond-
ing to the different oligomers. Another difficulty for gas-
phase spectroscopy is that chromium dihalides are rather in-
volatile compounds and the high temperatures needed to va-
porize their molecules complicate the interpretation of the
IR spectra, because of significant occupation of excited vi-
brational and rotational levels. Furthermore, these mole-
cules have low-energy bending modes that are often outside
the range of spectrometers. IR spectroscopy is also insensi-
tive to isotopic shifts of the asymmetric stretching mode for
quasi-linear molecules with bond angles between 1508 to
1808, and this makes the determination of their shape am-
biguous.[15] Matrix-isolation infrared spectroscopic studies
(MI-IR) might be a remedy to this problem, but they suffer
from possible effects due to the interaction with the matrix.


The general agreement from the above-mentioned IR
spectroscopic studies is that the structure of CrCl2 appears
to be linear, with the primary evidence of linearity being the
lack of a peak corresponding to the symmetric stretching
frequency. However, due to its weak intensity, the symmet-
ric stretching vibration for a quasi-linear molecule would be
quite difficult to detect in the IR spectrum, and the possibil-
ity of non-linearity cannot be discarded. Further evidence
for a possible bent structure stems from the earliest argon
MI-IR experiment,[5] from which the authors reported that
the frequency pattern for the asymmetric stretching mode
closely resembled that of a molecule with a bond angle be-
tween 1208 and 1508. The earlier ED experiment by one of
us[3] reported a highly bent structure with a Cl-Cr-Cl bond


Abstract: Chromium dichloride poses a
challenge to the structural chemist. Its
different forms of aggregation and as-
sociation display all well-known struc-
tural distortions induced by vibronic in-
teractions. The monomeric molecule
has a Renner–Teller distorted bent ge-
ometry, the crystal exhibits strong
Jahn–Teller distortion, and the oligo-
mers have slightly distorted four-mem-
bered-ring structures due to the
pseudo-Jahn–Teller effect. In this paper
we report on the low-energy structures
of the monomer and its clusters, Cr2Cl4,
Cr3Cl6, and Cr4Cl8, from unrestricted
Kohn–Sham (broken-symmetry) densi-
ty functional calculations. CrCl2 was
also investigated at higher level, includ-
ing coupled-cluster and state-average
CASSCF computations. The global
minima of the gas-phase clusters con-


sist of two-dimensional, antiferromag-
netically coupled chains of CrCl2 units
forming four-membered, doubly bridg-
ed Cr2Cl2 rings, closely resembling the
solid-state structure of a-CrCl2. Each
Cr atom in these chains has spin quan-
tum number S=2. This suggests that
the CrCl2 nucleation starts very early
on the structural chain motif found in
the solid. There is only a very small
change in energy from the antiferro-
magnetically to the ferromagnetically
coupled Cr atoms, which indicates little
spin-coupling between the metal cen-


ters. There is an approximately con-
stant change in energy, about
50 kcalmol�1, with every new CrCl2
unit during cluster formation. Informa-
tion about the structure of these clus-
ters was used in the re-analysis of high-
temperature electron-diffraction data.
The vapor at 1170 K contained about
77% monomeric molecules, 19%
dimers, and a small amount of trimers.
Monomeric CrCl2 was found to be bent
with a bond angle of 149(10)8, in good
agreement with our computations,
which resulted in a Renner–Teller dis-
tortion of the lowest-energy 5Pg elec-
tronic state into the bent 5B2 ground
state. The vibrational spectrum of chro-
mium dichloride is discussed and the
thermodynamics of cluster formation
from 1000–2000 K is examined.
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angle of 1108. However, later it was communicated that due
to the more complicated vapor composition than assumed in
the study, the result should be disregarded.[2] One of the
aims of the present study is the re-analysis of the ED experi-
ment with the help of information from our high-level com-
putations of all species.


Quantum-chemical studies have become a powerful tech-
nique in aiding the interpretation of experimental data for
CrCl2. Earlier ligand-field theory (LFT) was the accepted
model to aid the interpretation of the spectra of transition-
metal halides. LFT predicts that the transition-metal diha-
lides (MX2) would be linear in the gas-phase, with a high-
spin metal center, and only ionic interactions between the
metal and the halides. In a linear MX2 molecule (D1h-sym-
metry ligand field), the relative energies of the metal d orbi-
tals are in the order of dg<pg<sg.


[16,17] Hence, LFT together
with HundKs rule predicts that CrCl2 would have an elec-
tronic ground state of 5Sþg with an open-shell electron con-
figuration of d2


gp
2
g. The two earliest ab-initio calculations[18,19]


agreed with this prediction, and the ground state of CrCl2
was calculated to be the 5Sþg state with the 5Pg (d


2
gp


1
gs


1
g) and


5Dg (d1
gp


2
gs


1
g) states being the first and second excited elec-


tronic states, respectively. However, the more recent density
functional theory (DFT) calculations by Wang and
Schwarz[20] and also by Bridgeman and Bridgeman[21] gave
the energy sequence 5Pg<


5Sþg <
5Dg. Bridgeman also suggest-


ed, for the first time, that the first members of the transi-
tion-metal dihalide series might have a bent equilibrium ge-
ometry with a flat bending potential. At about the same
time, Jensen[22] also determined a 5B2 ground state as a
result of the Renner–Teller type bending of the 5Pg state.
He, again, noted a very flat bending potential with a barrier
to inversion of only 100 cm�1 at a bond angle of 144.38. In a
more recent paper, Nielsen and Allendorf[23] also predicted
the 5B2 state as the ground state using coupled cluster
theory, CCSD(T). They also reported that the 5B2 state was
only 0.1 kcalmol�1 lower in energy than the 5Pg transition
state, and this rather small energy difference is below the
zero-point vibrational energy for the bending mode. Such a
small energy difference makes the correct prediction of the
ground-state symmetry a formidable task, and to this date a
definite assignment of the electronic ground state of CrCl2
remains an irresolute issue.


The breakdown of LFT for transition-metal dihalides was
discussed extensively by Wang and Schwarz[20] and Bridge-
man and Bridgeman.[21] The computations show that ligand-
induced 3d–4s hybridization from the partially filled 3d sub-
shell on Cr lowers the energy of the sg orbital and the
strong p-donating properties of the halide ligands tend to in-
crease the energy of the pg orbital. Jensen showed that in-
clusion of electron correlation is also important in determin-
ing the correct electronic ground state of CrCl2; it increased
the energy of the 5Sþg and 5Dg states relative to the 5Pg state
by 3500 and 2600 cm�1, respectively. Apparently, scalar rela-
tivistic effects contributed less than 600 cm�1.[22]


The computations up until now focused on monomeric
chromium dichloride. However, as discussed above, the


vapor phase of the chromium dihalides contains a large
amount of oligomers as well. The only computation on such
species was done on Cr2I4.


[24] In this study, the structure was
optimized with C2v symmetry and a high-spin (nonet) state
was assumed to be the ground state. No other possible ge-
ometry or spin-state was investigated, neither were the tri-
meric and tetrameric species.


Computations of transition-metal dihalides face a number
of serious difficulties. For transition-metal-containing com-
pounds, wave-function-based methods are computer time in-
tensive and often require a multireference treatment.[25] On
the other hand, less costly DFT calculations are plagued
with correctly describing strong correlation and multirefer-
ence character in such systems.[26,27] As an example, Mott in-
sulators of transition-metal compounds are not well de-
scribed by the generalized gradient approximation (GGA)
in DFT,[28] and one is forced to add an on-site Hubbard-like
repulsion term (LDA+U approach[29]). Spin-symmetry
breaking in transition-metal compounds and consequently
spin–spin coupling in magnetic materials are also affected
by these deficiencies.[30,31]


In this work, our goal was to determine the ground-state
geometry of CrCl2 species from the monomers to the tet-
ramers, the infinite chain and the solid, at specific levels of
theory and compare the low-lying isomers of different spin
states. We also predict harmonic vibrational frequencies that
are used to calculate the thermodynamics of the cluster for-
mation within the temperature range used in the ED experi-
ment. Finally, we carried out a reanalysis of the earlier ED
experiment,[3] taking into consideration all possible species
that can be present in the vapor at the experimental condi-
tions.


Experimental Section


Computational methods : To determine all possible low-energy structures
for the CrCl2 clusters, we performed geometry optimizations using unre-
stricted Kohn–Sham (UKS) density functional theory, which breaks spin-
symmetry in these clusters (BS-DFT). As a starting point, we used the
PW91 gradient-corrected exchange-correlation functional by Perdew
et al.[32] with the Los-Alamos pseudopotentials and corresponding valence
double-zeta basis sets (LanL2DZ) for Cr and Cl.[33, 34] These preliminary
calculations were carried out for a large variety of possible three-dimen-
sional structures with chromium in different coordination and spin states.
All minima that yielded energies within a window of 1 eV from the
global minimum were considered for further refinement, except for the
tetramer for which we chose a window of 0.5 eV because of the high
computational costs. Using these geometries as a starting point, we car-
ried out geometry optimizations using BeckeKs three-parameter hybrid
functional (B3LYP),[35–38] which contains exact exchange and is known to
give better geometries. Here we used a modified energy-consistent Stutt-
gart scalar relativistic small-core pseudopotential and corresponding va-
lence basis set with a [8s8p7d3f]/ ACHTUNGTRENNUNG(7s7p5d3f) contraction scheme for Cr.[39]


An aug-cc-pVDZ basis set was used for Cl;[40] thus a total of 128 con-
tracted basis functions were used for the monomer. To ascertain the ef-
fects of a larger basis set and different methods on the various low-
energy oligomers, B3PW91[32,35] optimizations with a cc-pVTZ basis set
for Cl[40] were also performed,[41] which is also known to perform well for
metal halides.[42–44]
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The singlet states of the CrCl2 clusters are symmetry broken in the single
determinant description. If the closed-shell restricted Hartree–Fock ap-
proximation is applied, the configuration does not even resemble the sin-
glet ground state. As a result, we found that the dimeric Cr2Cl4 dissoci-
ates into two monomer subunits during the optimization at HF and MP2
levels of theory, and DFT leads to unreasonable geometries as well. For
example, the restricted B3LYP calculation for Cr2Cl4 gives an energy of
6.4 eV above the BS-DFT approach. Hence, a single-reference description
is not sufficient anymore. Because of the open-shell nature of the CrCl2
electronic structure, we also performed complete active space self-consis-
tent field calculations (CASSCF), followed by second-order perturbation
theory (CASPT2) for both the monomeric and dimeric species, as well as
coupled cluster calculations (CCSD(T)) for the monomer within a full
active valence space. For the CASSCF calculations, initial guesses of the
wavefunctions were obtained from restricted open-shell Hartree–Fock
calculations. For the-low lying 5B2,


5Sþg ,
5Pg, and


5Dg states of the mono-
mer, we applied CASSCF ACHTUNGTRENNUNG(16,15), which denotes 16 electrons distributed
over 15 orbitals. This active space consisted of the five 3d metal orbitals
on Cr (dg, pg, sg) along with the 3p orbitals from both Cl. Also included
in the active space were the virtual 4s and 4p orbitals on Cr. The geome-
try was kept at the optimized B3LYP distance, since an optimization was
computationally not feasible. For the CASPT2 calculation, we had to
reduce the active space to (4,5) for the 5B2,


5Sþg ,
5Pg,


5Dg,
3Sg
�, and 1Sþg


states, which distributes four electrons in the metal 3d orbitals. Here we
were able to carry out a geometry optimization. For the dimers, we used
the same active space as for the monomers, which results in a CASSCF-
ACHTUNGTRENNUNG(8,10) of the ten 3d metal orbitals on the Cr atoms. Only the singlet and
nonet states of the dimer were examined, as these calculations became
again prohibitively expensive, and the geometry was also fixed to that ob-
tained from the B3LYP calculations. For the 5Pg and 5Dg states, a state-
averaged CASSCF calculation had to be performed to correctly describe
the multireference character in these states. All multireference calcula-
tions were performed using the program system Molpro.[45]


Harmonic vibrational frequencies were computed by standard analytical
gradient techniques, which gave the zero-point vibrational energy correc-
tion, the enthalpy and the Gibbs free energies of atomization for a tem-
perature range of 1000–2000 K and a pressure of 1 atm. Basis-set super-
position errors (BSSE) for the clusters were calculated using the counter-
poise correction by Boys and Bernardi,[46, 47] but including two-body terms
only.


To calculate the antiferromagnetically coupled infinite chain of CrCl2 we
performed DFT calculations with the PW91 functional employing the
projector augmented wave (PAW) method[48,49] with a plane wave basis
set as implemented in the Vienna Ab-initio Simulation Package.[50] Using
a supercell approach, neighboring chains were separated by at least 25 O.
Along the chain direction, two irreducible k-points were found sufficient
to sample the Brillouin zone. Further details of these and the bulk crystal
calculations can be found in reference [31].


Electron diffraction analysis : We decided to reanalyze the earlier elec-
tron diffraction experimental data by one of us (M.H.),[3] because of the
possibility that larger species might have been present in the vapor
beside the monomers and dimers that were taken into account in the
original analysis.[2] The details of the experiment are given in refer-
ence [3], and the temperature of the experiment was 1170�50 K. Since
the publication of the original article, a new set of electron scattering fac-
tors was published; these were used for the new analysis.[51] The experi-
mental and theoretical molecular intensity and radial distribution curves
are given in Figures 1 and 2; the experimental molecular intensities are
given in Table S1 as supporting information. The first and largest peak on
the radial distribution contains all Cr�Cl bond lengths, that is, those of
the monomer and of the different clusters that were present in the vapor.
According to the computation, there were three different bond lengths in
the dimer and four different bond lengths in the trimer. This means alto-
gether seven additional different Cr�Cl distances besides the monomer.
It is clear that without some prior information about them, they could
not be separately determined. Similarly, we needed information from
other sources about the symmetry and structure of the oligomers present


in the vapor in order to aid the electron diffraction analysis by way of ap-
plying them as constraints.


Our strategy was the following: we accepted as constraints, at least at the
initial stages of the refinement, all the differences of the different cluster
bond lengths from that of the monomer. It is known that the physical
meaning of bond lengths coming from different techniques is different,[52]


and simply taking over bond lengths from the computation (equilibrium
bond length) to the analysis of electron diffraction data (from which we
determine thermal average bond lengths) would be erroneous. However,
taking the differences of bond lengths approximately cancels the differ-
ence between their physical meaning, and therefore, their use as con-
straints is an accepted procedure. The stretching vibrations of metal hal-
ides are usually anharmonic, and this influences the molecular intensities.
The so-called asymmetry parameter (k), describing the stretching anhar-
monicity, can usually be refined. However, with so many closely spaced
bond lengths this was impossible; therefore, we assumed the asymmetry
parameter based on our experience with other transition-metal
ACHTUNGTRENNUNGdihalides.[53]


Furthermore, we also accepted the bond angles of the dimer and trimer
from the computation. We also carried out normal coordinate analyses
using the program ASYM[54] based on the computed frequencies and
force fields of all three species, in order to calculate vibrational ampli-
tudes. These were used as starting parameters, and many of them were
later refined during the analysis. The parameters that were refined at the


Figure 1. Experimental (dots) and calculated (solid line) electron diffrac-
tion molecular intensities and their differences (D) at two different
camera ranges for a vapor composition of 77(4)% mono ACHTUNGTRENNUNGmers, 19(4)%
dimers, and 4(3)% trimers of chromium dichloride.


Figure 2. Experimental (dotted line) and calculated (solid line) radial dis-
tributions and their differences (D) corresponding to the molecular inten-
sities of Figure 1. The contributions of different distances are indicated.
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first stages of the analysis were the bond length and the vibrational am-
plitudes of the monomer molecule, the vapor composition, and the vibra-
tional amplitudes of the other chromium–chlorine bond lengths grouped
together with the monomer amplitude. We also refined the amplitudes of
the most important nonbonded distances of the different species. The
analysis was performed with the so-called static analysis, meaning that a
thermally averaged structure was refined. Such a structure suffers from
the shrinkage effect and usually has a lower symmetry than the equilibri-
um structure. Therefore, we introduced and refined the parameters de-
scribing the puckering motions of the dimers and trimers.


We found that with the above constraints, the agreement between the ex-
perimental and theoretical distributions was not satisfactory, especially in
the region of the bond length, indicating that the constrained bond-
length differences did not quite correspond to the measured structures.
Therefore, we tried to carefully refine them, and they usually refined to
somewhat smaller values than the computed ones. Since the computed
bond-length differences were not exactly the same from different levels
of computations, we decided that refinement of these values was justified.
Further, we let the bond angle of the monomer and those of the dimer
also refine. They stayed close to the computed values.


Looking at the radial distribution curve, it can be seen that most of the
information about the systems present in the vapor is in the first peak,
corresponding to the bond lengths. The major component of the vapor,
the monomer, has only one Cl···Cl nonbonded distance, but the clusters
have many strong contributions in this region, even if they are present
only in small amounts. Therefore, it is not surprising that depending on
the refinement scheme, within a certain interval, different vapor composi-
tions and somewhat different geometrical parameters can give equally
good agreement—even if we consider only realistic solutions. Moreover,
if we accept the results of the computation about the structure of the
clusters, we have altogether eight different Cr�Cl bond lengths within
the first peak, differing from each other by about 0.02 to 0.20 O, with
their different vibrational amplitudes and different weights depending on
their relative amounts.


There is one more uncertainty concerning the ED results. Our computa-
tions showed (see Table 1, below) that the linear 5Pg saddle-point state is
only about 0.02–0.09 eV higher in energy than the 5B2 ground state, and
this means that molecules in this state may also be present in the vapor
phase, since the thermal energy of our experiment is more than enough
to produce them. Even if the lifetime of these transition-state molecules
is short, it might still be much longer than the very fast interaction time
of the electron beam and the molecular beam in the experiment (approx-
imately 10�18 s). Even molecules in the 5Sþg excited state might be present
in the vapor according to some of the computations. The monomers in
the 5Pg and 5Sþg states are linear and also have somewhat longer bond
lengths than the ground-state (5B2) molecule. We tried to include two dif-
ferent monomeric species in the analysis, but this was not successful due
to the high correlations. There is also a certain elusiveness concerning
the dimeric species which constitutes about 20% of the vapor. The
energy difference, for example, between the nonet and singlet dimeric
structures of C2v symmetry is about 0.024 eV, and the DFT and CASPT2
methods do not even agree on which one is the ground state. These struc-
tures differ by several thousandths of an O in some of their bond lengths.
Moreover, the energy difference between the C2v and C2h symmetry
dimers is only about 0.001 eV, although their geometries do not differ
much. Therefore, in determining the uncertainties of the structural pa-
rameters, we have to take into consideration that some structures may be
averages of similar molecular species.


Results and Discussion


The CrCl2 monomer : The results of the different-level com-
putations on the CrCl2 monomer are listed in Table 1 to-
gether with the available literature data. Experimental struc-
tural parameters are also included for comparison. Consider-


ing the linear geometries, from the three possible high-spin
states, 5Sþg (d2


g, p2
g),


5Pg (d2
g, p1


g, s1
g), and


5Dg (d1
g, p2


g, s1
g), the


5Pg state is the lowest in energy. However, the 5Pg state is
not a minimum; it is a transition state undergoing a
Renner–Teller distortion[56,57] by splitting into two nonde-
generate states, a 5B2 and an 5A2 state, of which the 5B2 state
is the ground state (see Figure 3). The shape of the molecule


in the ground electronic state of CrCl2 is bent. Note that the
UKS-DFT calculations give only one imaginary vibrational
mode instead of a doubly degenerate one for the 5Pg state,
which implies that the multireference character is not well
described by the Kohn–Sham approach, and one may re-
quire partial occupations for the spin-orbitals to remedy this
situation. A more accurate description of this state (and of
the 5Dg state as well) is obtained from a state-averaged
CASSCF calculation in which the pg (or dg) orbitals possess
half occupancies in each orbital. Although our CASSCF-
ACHTUNGTRENNUNG(16,15) treatment may lack major dynamic correlation, it
also predicts a bent 5B2 ground-state structure, with the 5Pg


saddle point lying only 0.075 eV above the ground state. The
next local minimum is of 5Sþg symmetry, and about 0.15–
0.28 eV above the 5B2 ground state. It was only the CASPT2
calculation that found the 5Sþg state to be the ground state,
but only by 0.035 eV below the 5B2 state. Even the single-
reference coupled cluster treatment gives the 5B2 as the
ground state, and we are quite confident that the correct or-
dering of the electronic states is 5B2<


5Sþg <
5Dg. All other


states of different spin multiplicity are considerably higher
in energy and cannot be considered as contestants for the
ground state of CrCl2. Nevertheless, we mention that unre-
stricted B3LYP describes reasonably well the singlet state,
being 5.03 eV above the 5B2 state in reasonable agreement
with our CCSD(T) value of 4.28 eV.


The 5B2 ground electronic state shows a very shallow
bending potential with a bond angle of between 1448
(B3LYP) and 1688 (CASPT2) and only less than 0.1 eV
below the linear high-symmetry point. Hence, it is difficult
to predict an accurate bond angle for the 5B2 state. Note
that for CaF2, which has a very shallow bending mode as
well,[58] a bent structure was identified in the gas phase as


Figure 3. Bending potential curves of the 5B2 (lower curve) and 5A2


(upper curve) states obtained from B3PW91 calculations.
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this molecule has a nonzero dipole moment.[59] The B3LYP
and CCSD(T) geometry optimization produces a bond
length of 2.193 and 2.194 O, respectively, in excellent agree-
ment with the estimated experimental equilibrium bond
length of 2.196(20) O. The CASPT2ACHTUNGTRENNUNG(4,5) result is 2.201 O,
also in very good agreement. It is known that the MP2
method tends to underestimate bond lengths. B3PW91 also
gives a bond length too short, and two other DFT studies
determined similarly short bond lengths.[20,21] Note that the


difference in bond lengths be-
tween the 5Pg saddle point and
the 5B2 minimum structure is
very small.


The results of the ED analy-
sis are given in Table 2. The
thermal average bond length
(rg) of 2.214(13) O agrees with
the previously[3] determined
value within their uncertainties.
The equilibrium bond length
can be estimated from the rg
parameter by introducing vibra-
tional corrections. As discussed
in the ED analysis section
above, the value we determined
here depends on several as-
sumptions and thus carries a
larger than usual uncertainty.
The equilibrium Cr�Cl bond
length (rMe ) of 2.196(20) O is in
agreement with several of our
computed values, see Table 1.
The bond angle from electron
diffraction, 149(10)8, has an
even larger uncertainty, due to
the fact that the peak around
4.2 O on the radial distribution
curve has several components
from the dimers and trimers,
and thus the exact position of
the monomer Cl···Cl distance is
uncertain. Nonetheless, this
bond angle does not correspond
to a linear molecule, even if
taking into account the shrink-
age effect. If we assume that
due to the high experimental
temperature and the small
energy difference between the
ground state and the 5Pg state
the linear transition-state mole-
cules could also be present in
the vapor in a smaller
amount—and assuming that
they had a bond length similar
to that of the ground-state mol-
ecule as obtained from our cal-


culations (see Table 1)—its Cl···Cl distance would be only
about 0.12 O longer than that of the ground-state molecule
with a 1498 bond angle due to the shrinkage effect. This
would somewhat decrease the Cl···Cl distance and, conse-
quently, the bond angle of the ground-state molecule. The
large uncertainty of the bond angle covers this possibility.
Moreover, the energy difference between the 5B2 and 5Pg


states is only 0.020 eV, or about 161 cm�1. For the bending
mode, the harmonic zero-point vibrational energy (Eo) is ap-


Table 1. Relative energies, geometrical parameters, and vibrational frequencies of CrCl2 in different electronic
states. Energies in eV, distances in O, angles in degrees, and frequencies in cm�1.


State Method[a] Ref.[b] DE R ACHTUNGTRENNUNG(CrCl) a ACHTUNGTRENNUNG(ClCrCl) nbend
[c] nsym-str nasym-str


exptl(IR) [5,9] – – – – – 493.5[d] ,457.4[e]
[7,8] – – – – – 475[f] ,458.5[g]
[12] – – – – – 422[h]


exptl(ED) – 2.196(20) 149(10) – – –
5B2 B3LYP 0 2.193 146.7 49.3 349.4 472.8


MP2[i] 0 2.179 165.2 24.8 339.3 496.9
B3PW91[i] 0 2.175 143.6 56.8 357.6 476.7
CCSD(T) 0 2.194 167.0 32.4 337.9 492.2
CASPT2 0.035 2.201 167.5 – – –
CASSCF[j] 0 2.193 146.7 – – –
B3LYP [22] 0 2.201 144.3 57.2 344.2 467.3
CCSD(T) [23] 0 2.199 156.2 45 338 486


5Pg B3LYP 0.020 2.198 180 47.4i/92.4[k] 329.6 479.0
MP2[i] 0.001 2.181 180 18.0i/101.3[k] 334.6 497.4
B3PW91[i] 0.027 2.182 180 46.2i/98.1[k] 334.1 484.5
CCSD(T) 0.032 2.194 180 – – –
CASPT2 0.085 2.202 180 – – –
CASSCF[j] 0.075 2.198 180 – – –
CASSCF [55] – 2.175 180 – – –
B3LYP [22] 0.012 2.209 180 – – –
BP–VWN [20] – 2.173 180 [i,k] 358 476
LSDA [21] 0 2.15 180 85 315 480
HF [19] 0.282 2.309 180 – – –


5Sþg B3LYP 0.156 2.239 180 69.7 327.7 460.3
CCSD(T) 0.145 2.240 180 80.8 333.5 474.8
CASPT2 0 2.240 180 – – –
CASSCF[j] 0.276 2.239 180 – – –
B3LYP [22] 0.200 2.248 180 – – –
BP–VWN [20] – 2.216 180 – – –
HF [19] 0 2.315 180 – – –
LSDA [21] 0.532 2.21 180 65 326 465


5Dg B3LYP 0.804 2.226 180 49.9 322.5 468.9
CCSD(T) 0.765 2.228 180 – – –
CASSCF 0.910 2.226 180 – – –
CASPT2 0.654 2.229 180 – – –
CASSCF[j] 0.910 2.226 180 – – –
B3LYP [22] 0.860 2.237 180 – – –
LSDA [21] 1.039 2.183 180 56 325 459


3Sg
� B3LYP 1.636 2.135 180 19.8 352.1 510.0


CCSD(T) 1.794 2.122 180 – – –
CASPT2 2.319 2.158 180 – – –
BP–VWN [20] – 2.101 180 – – –
LSDA [21] 0.899 2.078 180 90 348 540


1Sþg B3LYP 5.025 2.144 180 51.7 367.8 508.5
CCSD(T) 4.284 2.170 180 – – –
CASPT2 3.503 2.138 180 – – –
BP–VWN [20] – 2.126 180 – – –


[a] Unless otherwise mentioned, a CASSCF ACHTUNGTRENNUNG(4,5) was used. Unless otherwise noted, an aug-cc-pVDZ basis for
Cl was used. [b] Unless otherwise stated, the data given are from this study. [c] For the linear structures, the
bending mode is doubly degenerate. [d] MI-IR (Ar) from ref. [5]. [e] MI-IR (Ar) from ref. [9]. [f] Gas-phase
IR data from ref. [8]. [g] MI-IR (Ar) from ref. [7]. [h] Gas-phase IR from ref. [12]. [i] cc-pVTZ basis set used
for Cl. [j] A CASSCF ACHTUNGTRENNUNG(16,15) was used. [k] i indicates imaginary frequency in the bending mode.
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proximately 25 cm�1, and the bending mode has only three
vibrational states within the energy well (25, 75 and
125 cm�1). If we take a Boltzmann distribution over 66
states including the ground state (i.e., taking the states rang-
ing from 25–3275 cm�1) at 1200 K, we calculate that only
16% of the monomers will be within the first three bending
states. Hence, 84% of the monomers will have enough
energy to become linear, which is best described as a dy-
namic Renner–Teller system.


The electronic absorption spectra of CrCl2, reported by
DeKock and Gruen[16] contains two transitions located at
5400 and 9000 cm�1. The oscillator strengths of these two
transitions indicate that they arise from Laporte forbidden
d4!d4 transitions. These type of transitions are indicative of
a linear geometry which occur between the states of D1h
symmetry. Based on ligand-field theory, DeKock and Gruen
assigned these two transitions to 5Sþg!5Pg and


5Sþg!5Dg, re-
spectively. Because ligand-field theory incorrectly predicts
the relative energies of the 3d metal orbitals, the assignment
of the first transition is incorrect, as the 5Pg state is lower in
energy than the 5Sg state. Furthermore, the 5Pg!5Sþg transi-
tion is calculated to be at 911 cm�1 at the CCSD(T) level,
which is well below both excitation energies. The 5400 cm�1


transition is close to our calculated 5Pþg!5Dg transition,
which is at 5912 cm�1 at the CCSD(T) level (not including
zero-point vibrational effects). None of the transitions stud-
ied for CrCl2 came close to the 9000 cm�1 transition, and it
was predicted that this band could have arisen from transi-
tions between rotational–vibrational levels of the 5Pg and
5Dg states.


[22] This is rather unlikely according to our results,
but multireference configuration interaction calculations are
needed to identify these bands (for a recent multireference
treatment of CrO2 see reference [60]).


Mulliken and NBO analyses at the B3LYP level of theory
were also carried out for the lowest energy species and the
results are given in Table 3. The charges and spin densities
obtained at the B3PW91 level of theory are very similar and
are therefore omitted. It is apparent that in the high-spin
state the spin density is almost exclusively located at the Cr
atom, with only a very small amount of spin density situated
at the chlorine atoms. The charges between the different


electronic states vary only little. However, the Mulliken and
NBO charges differ significantly, the latter indicating a
charge at Cr two to three times larger than the Mulliken
analysis. However, both methods indicate that even though
the molecule is ionic, there is substantial covalent character.
The data given in Table 4 show a Wiberg bond index of
about 0.64 for the Cr�Cl bond in the 5B2 state, thus support-
ing this observation.


CrCl2 clusters : As mentioned in the Computational methods
section, we searched for the global minimum for the dimer
Cr2Cl4 (denoted as D in the following), the trimer Cr3Cl6
(T), and the tetramer Cr4Cl8 (Q). The lowest-energy struc-
tures are shown in Figures 4–6. Irrespective of the spin-state,
we obtain planar, doubly bridged CrCl2 units as the global
minimum. These planar chain structures of CrCl2 units are
the basic building blocks of the a-CrCl2 phase in the solid
state.[31, 61,62] In the solid, every Cr atom is in a ligand field of
an elongated and distorted octahedron of Cl atoms.[61,62]


However, four Cl atoms form a close rectangle with the Cr
atom in its centre, resulting in CrCl2 chains along the crys-
tallographic c-axis. The global minima of the dimers, trimers,
and tetramers (D1, T1, and Q1, respectively) as shown in
Figures 4–6 are the basic units of these chains. In our pre-


Table 2. Geometrical parameters and vapor composition from electron
diffraction.


Parameter Value


rg ACHTUNGTRENNUNG(Cr�Cl)[a] [O] 2.214(13)
re
M
ACHTUNGTRENNUNG(Cr�Cl)[b] [O] 2.196(20)


l ACHTUNGTRENNUNG(Cr�Cl)[c] [O] 0.093(3)
k ACHTUNGTRENNUNG(Cr�Cl)[d] [O3] 5.17R10�5


rg ACHTUNGTRENNUNG(Cl···Cl) [O] 4.272(95)
l ACHTUNGTRENNUNG(Cl···Cl) [O] 0.216(26)
aa Cl�Cr�Cl [8] 149(10)
monomer [%] 77.4 ACHTUNGTRENNUNG(4.2)
dimer [%] 18.7 ACHTUNGTRENNUNG(4.2)
trimer [%] 3.9 ACHTUNGTRENNUNG(2.8)


[a] The rg ACHTUNGTRENNUNG(Cr�Cl) value from ref. [3] is 2.207(10) O. [b] Calculated from
rg ACHTUNGTRENNUNG(Cr�Cl) by anharmonic corrections. [c] Refined in a group with the am-
plitudes of the dimer and trimer bond lengths. [d] Not refined.


Table 3. Results of Mulliken and NBO analyses for the lowest energy
species from B3LYP calculations.


Species State Atom Mulliken
charge


NBO
charge


Mulliken spin
density


monomer 5B2 Cr 0.427 1.153 4.085
Cl �0.213 �0.577 �0.042


5Pg Cr 0.435 1.166 4.132
Cl �0.218 �0.583 �0.066


5Sþg Cr 0.561 1.386 3.964
Cl �0.280 �0.693 0.018


5Dg Cr 0.470 1.338 3.926
Cl �0.235 �0.669 0.037


3Sg
� Cr 0.392 0.878 2.228


Cl �0.196 �0.439 �0.114
1Sþg Cr 0.315 0.879 0


Cl �0.157 �0.439 0
dimer 1A1 Cr1 0.396 1.111 �4.063


Cr2 0.396 1.111 4.063
Clt1 �0.308 �0.568 0.011
Clt2 �0.308 �0.568 �0.011
Clb1 �0.114 �0.559 0
Clb2 �0.063 �0.526 0


9A1 Cr1,Cr2 0.410 1.134 4.081
Clt1,Clt2 �0.312 �0.578 �0.013
Clb1 �0.143 �0.587 �0.060
Clb2 �0.052 �0.525 �0.077


trimer 5Ag Cr1,Cr3 0.603 1.122 4.059
Cr2 �0.022 0.994 �4.153
Clt1,Clt2 �0.352 �0.579 �0.005
Clb1 �0.100 �0.511 0.013
Clb2 �0.140 �0.529 0.010


tetramer 1Ag Cr1,Cr4 0.782 1.122 �4.031
Cr2,Cr3 0.021 0.999 4.155
Clt1,Clt2 �0.362 �0.581 0.003
Clb1 �0.136 �0.513 �0.014
Clb2 �0.174 �0.530 �0.011
Clb3,Clb4 �0.131 �0.498 �0.102
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liminary calculations, we found two structures close in
energy with the terminal Cl atoms (denoted as Clt) either in
cis (C2v symmetry) or in trans (C2h symmetry) position to the
chain, that is, structures D1, D2 and T1, T2. However, ex-
tended basis set calculations only gave the trans structures
as minima for the trimer and the tetramer.


The high-symmetry D2h-bridged structures, quite common
for metal dihalide dimers,[2] represent only saddle points
with two imaginary frequencies for the bending of the termi-
nal Cl atoms towards trans minima. This is the result of a
pseudo Jahn–Teller distortion, with one mode, for example
of B3g symmetry, towards the trans structure. Structures
which include Cr�Cr bonds are found to be too high in
energy to be considered here. We show a few high energy
structures in Figures 4–6, obtained at the PW91/LanL2DZ
level of theory; D3 (0.519 eV above the global minimum),
T3, T4, T5, and T6 (0.445, 0.697, 0.945, and 0.976 eV above
the global minimum structure, respectively), and Q2, Q3,
and Q4 (0.852, 0.864, and 0.934 eV above the global mini-
mum structure, respectively). They all consist of (more or
less) bent CrCl2 units. As they are not a major component
in the gas phase even at higher temperature, they will not
be discussed further.


Based on the lowest energy structures for all oligomers
studied here, our results clearly indicate that the chain motif
found in the solid structure can already be seen in the earli-
est process of CrCl2 nucleation. Our DFT calculations also
show that as the size of the chain increases, the average Cr�
Clb distances in the oligomers converge towards a value that
is quite close to the experimental solid-state intrachain Cr�
Cl distance of Oswald[61] (Figure 7). Note that the trans min-
imum structures are ideally aligned for nucleation towards
the one-dimensional CrCl2 chain.


The electron diffraction radial distribution curve
(Figure 2) clearly indicates that there are other species pres-
ent in the gas phase beside the monomer, since for a tri-
ACHTUNGTRENNUNGatomic molecule only two peaks corresponding to the Cr�Cl


Figure 4. Low-energy minima for the CrCl2 dimer.


Figure 5. Low-energy minima for the CrCl2 trimer.


Figure 6. Low-energy minima for the CrCl2 tetramer.


Table 4. Wiberg bond indices for the lowest energy species from B3LYP
calculations.


Species State Bond Wiberg bond index


monomer 5B2 Cr�Cl 0.642
5Pg Cr�Cl 0.634
5Sþg Cr�Cl 0.495
5Dg Cr�Cl 0.458
3Sg


� Cr�Cl 0.944
1Sþg Cr�Cl 0.917


dimer 1A1 Cr1�Clt1 0.639
Cr1�Clb1 0.338
Cr1�Clb2 0.372


9A1 Cr1�Clt1 0.624
Cr1�Clb1 0.315
Cr1�Clb2 0.377


trimer 5Ag Cr1�Clt1 0.623
Cr1�Clb1 0.377
Cr1�Clb2 0.340
Cr2�Clb1 0.372
Cr2�Clb2 0.371


tetramer 1Ag Cr1�Clt1 0.620
Cr1�Clb1 0.378
Cr1�Clb2 0.343
Cr2�Clb1 0.367
Cr2�Clb2 0.365
Cr2�Clb3 0.376
Cr2�Clb4 0.375


Figure 7. Average Cr�Clb and Cr�Clt distances for the different CrCl2
oligomers from B3LYP calculations. The experimental solid-state intra-
chain Cr�Cl values are shown as dashed lines. [a] From X-ray data of
Oswald (2.37 O).[61] [b] From X-ray data of Tracy (2.4 O).[62]
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bond length and the Cl···Cl nonbonded distance would be
observed. The peak at 3.3 O contains the Cr···Cr and
Clb···Clb distances within the rings of the oligomers
(Figure 2). The monomer Cl···Cl distance is in the peak at
4.3 O, together with several oligomer distances and the fur-
ther peaks, at about 5.4 and 7.3 O, correspond to different
longer nonbonded distances of the dimer and trimer mole-
cules. The agreement between the experimental and calcu-
lated distribution is very good, demonstrating that the chain-
like structures support the experimental data. We also have
to mention that the more general, six-membered ring struc-
ture (T5) of metal halide trimers (see, for example refer-
ence [63]) does not agree with the experimental data. In
that structure, there are three equal Cr···Cr distances in the
ring that are situated around 4.0–4.1 O. That would push the
monomer Cl···Cl distance to the peak at 3.3 O, resulting in a
monomer bond angle smaller than 110 degrees, which would
not agree with either of our computations. Even if the
trimer amount is about 3% in both types of refinements,
due to the large atomic number of Cr and the fact that there
are three such distances, its effect is noticeable. Due to the
many closely spaced distances and to the relatively low con-
centration of the larger species in the vapor, it is not possi-
ble to distinguish between their high-spin and low-spin
states, or between the C2v and C2h structures of the dimer.


The most important structural parameters of the clusters
are listed in Table 5, all other distances and angles can be
derived from the Cartesian coordinates given in Table S2
(Supporting Information). The different spin states for a


specific cluster differ only little in energy, and also have
very similar geometries. The terminal Cr�Cl bond lengths
are about the same in the low- and high-spin structures,
while the bridging bonds are more affected by the change in
spin multiplicity than the terminal Cr�Cl bonds. The differ-
ence between the geometries of the cis C2v and trans C2h


structures of the dimers in the same electronic states is also
very small. The B3PW91 functional together with the better
triple-zeta basis set on chlorine gave considerably shorter
bond lengths by about 0.02 O with respect to the B3LYP
functional with the double-zeta basis set on chlorine. We
mention that the NBO analysis gave no evidence for Cr�Cr
bonding in the clusters.


In the solid state, the spins of the Cr 3d electrons are
found to be antiferromagnetically coupled with four parallel
spins situated almost exclusively in the d-bands of Cr along
these chains, which is well described by the Ising spin-cou-
pling model.[64,65] However, the energy difference between
the antiferromagnetic (AFM) and the ferromagnetic (FM)
phase is very small, with only 0.016 eV per CrCl2 unit,


[31] in-
dicating little direct spin coupling between the Cr atoms. We
therefore expect that the low- and high-spin states are close
in energy for the clusters as well. According to HundKs rule,
one expects the high-spin states to be more stable than the
low-spin states. However, in the solid the AFM state is the
ground state,[31] and that would predict a low-spin singlet
state for the dimer and the tetramer, and a quintet state for
the trimer for the CrCl2 clusters. This is, indeed, the case.
According to our B3LYP (B3PW91) calculations, the global


Table 5. Molecular properties for the global minimum structures of CrCl2 clusters for different spin states.[a]


D1 D2 T1 Q1
Property Method 1A1


9A1
1Ag


9Ag
5Ag


13Ag
1Ag


9Ag
17Ag


De PW91[b] 47.8 47.2 47.8 47.2 96.1 95.4 143.9 143.4 143.0
PW91[c] 45.4 45.1 45.6 45.1 87.8 84.2 131.9 – 127.1
B3LYP 46.6 45.3 46.5 45.2 90.8 89.7 135.0 134.6 133.9
B3PW91 47.1 46.0 47.0 45.8 92.6 91.6 138.8 137.5 137.1


De+ZPVE B3LYP 45.6 44.4 45.6 44.3 88.9 87.8 132.2 131.7 131.1
B3PW91 46.1 45.0 46.1 44.8 90.7 89.6 135.4 134.6 134.2


R ACHTUNGTRENNUNG(Cr1�Clt1) B3LYP 2.210 2.211 2.210 2.211 2.214 2.215 2.215 2.216 2.216
B3PW91 2.193 2.195 2.193 2.195 2.198 2.198 2.199 2.198 2.200


R ACHTUNGTRENNUNG(Cr1�Clb1) B3LYP 2.354 2.355 2.353 2.362 2.348 2.353 2.348 2.349 2.352
B3PW91 2.327 2.330 2.328 2.339 2.322 2.328 2.322 2.324 2.327


R ACHTUNGTRENNUNG(Cr1�Clb2) B3LYP 2.373 2.389 2.372 2.386 2.366 2.372 2.364 2.374 2.370
B3PW91 2.360 2.377 2.358 2.370 2.352 2.360 2.351 2.353 2.357


R ACHTUNGTRENNUNG(Cr2�Clb1) B3LYP 2.354 2.355 2.372 2.386 2.391 2.393 2.392 2.398 2.397
B3PW91 2.327 2.330 2.358 2.370 2.370 2.372 2.373 2.372 2.376


R ACHTUNGTRENNUNG(Cr2�Clb2) B3LYP 2.373 2.389 2.353 2.362 2.391 2.395 2.392 2.400 2.400
B3PW91 2.360 2.377 2.328 2.339 2.370 2.375 2.374 2.374 2.380


R ACHTUNGTRENNUNG(Cr2�Clb3) B3LYP – – – – – – 2.384 2.377 2.382
B3PW91 – – – – – – 2.361 2.361 2.362


R ACHTUNGTRENNUNG(Cr2�Clb4) B3LYP – – – – – – 2.384 2.378 2.383
B3PW91 – – – – – – 2.362 2.370 2.364


R ACHTUNGTRENNUNG(Cr1�Cr2) B3LYP 3.307 3.384 3.307 3.394 3.390 3.432 3.383 3.412 3.435
B3PW91 3.257 3.346 3.258 3.364 3.346 3.399 3.342 3.376 3.402


a(Clt1�Cr1�Clb1) B3LYP 125.9 122.9 125.9 124.0 126.6 127.0 126.9 126.5 127.5
B3PW91 120.4 118.6 120.5 120.7 121.4 121.9 121.5 121.8 122.0


a(Clb1�Cr1�Clb2) B3LYP 91.2 89.0 91.2 88.7 89.7 88.4 90.0 88.5 88.5
B3PW91 91.9 89.4 91.9 88.8 90.2 88.5 90.5 89.3 88.6


[a] Dissociation energies De in kcalmol�1, distances in O, and angles in degrees. For the different structures D1, D2, T1 and Q1 see Figures 4–6.
[b] PW91 calculations using the LanL2DZ basis set. [c] PW91 calculations using PAW method and plane wave basis sets.
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minimum is the singlet D1 structure of the dimer, the quin-
tet structure T1 for the trimer, and the singlet structure Q1
of the tetramer (see Table 5). Furthermore, based on our re-
sults for the different spin-states of the monomer, which re-
sulted in a 5B2 state as the ground state, we only had to
couple total spin S=2 monomer units to build up succes-
sively the chain structure to the solid phase of CrCl2. This
results in the AFM singlet (S=0) and FM nonet states for
the dimer (S=4), the AFM quintet (S=2) and the FM tri-
decet (S=6) states for the trimer, and the AFM singlet (S=


0), the intermediate nonet (S=4), and the FM septendecet
(S=8) states for the tetramer.


This analysis is supported by the Mulliken spin densities
shown in Table 3. For the monomer the spin density is
almost exclusively situated at the Cr atom with four un-
paired electrons (S=2). Unfortunately, one of the shortcom-
ings of BS-DFT is that it does not describe coupled spin
states well when two or more transition-metal centers are
within close proximity.[30] The uncoupled, high-spin state of
the dimer (››) is described reasonably well with DFT. How-
ever, we get either the (›fl) or (fl›) configuration instead of
the correct (›fl–fl›) combination for the singlet state of the
dimer. Ideally, the singlet state should have zero net spin
density everywhere in the molecule for even sized clusters;
however, the BS solution has an excess of a and b spin den-
sity located on the adjacent Cr atoms. These BS solutions
are also seen in the trimer and tetramer. The coupling for
the trimer consists of an oscillating (4a,4b,4a) pattern for
the quintet state, and the coupling pattern for the singlet
tetramer consists of (4b,4a,4a,4b). The nonet state for the
tetramer is slightly different, with the coupling pattern being
(4a,2b,2b,4a). The primary disadvantage of BS-DFT is that
the exchange coupling between the metal centers is overesti-
mated, and the coupled-spin states are overstabilized.[66]


In light of the BS solutions for the low-spin states of the
clusters, CASPT2 ACHTUNGTRENNUNG(8,10) calculations were performed for the
singlet- and nonet-optimized B3LYP structures of D1 in
order to determine whether the energy differences are,
indeed, that small. Not surprisingly, restricted Hartree–Fock
calculations predict a nonet ground state with the singlet
state lying very high in energy, 8.50 eV. The singlet energy
drops substantially at the unrestricted Hartree–Fock level
and the difference becomes only 0.02 eV. At the CASSCF-
ACHTUNGTRENNUNG(8,10) level of theory, the singlet state lies only 0.089 eV
above the nonet state. This energy difference decreases fur-
ther to 0.024 eV at the CASPT2 level of theory. CASPT2
calculations, therefore, predict that the high-spin dimer is
the lowest in energy. However, these calculations have been
performed at the B3LYP optimized geometry as the
CASPT2 optimization would be computationally too de-
manding, and a proper geometry optimization could easily
favor the singlet over the nonet state.


The calculated dissociation energies into CrCl2 units at
the PW91, B3LYP, and B3PW91 level of theory are shown
in Table 5. The results show that the addition of each CrCl2
unit to the CrCl2 chain brings an almost constant energy
gain of about 45 kcalmol�1. This is also supported by our


PAW calculations with which we obtain a cohesive energy of
42.9 kcalmol�1 per CrCl2 unit for the AFM infinite chain.
This compares well with the 46.4 kcalmol�1 per unit for the
solid, which includes interactions between the CrCl2 chains.
Somewhat higher energies are obtained with wavefunction
based methods. At the unrestricted (single-reference) MP2
level of theory, we calculate a dissociation energy for struc-
ture D1 of 57.4 kcalmol�1 for the nonet state. In compari-
son, at the CASPT2 level we get 54.0 kcalmol�1. Hence we
assume that the dissociation energies are underestimated by
our DFT methods. We also considered the basis set superpo-
sition error (BSSE) from two-body contributions for the
cluster formation. From the B3LYP calculations, the BSSE
for the lowest energy clusters is 1.6 kcalmol�1 for the dimer,
trimer, and the tetramer, respectively. Apparently, they
remain almost constant as the cluster size increases. The
actual magnitude of BSSE is comparable or even larger
than the energy difference between the low- and high-spin
states; however, the BSSE does not change between the dif-
ferent spin states as we included only two-body terms.


A listing of the harmonic vibrational frequencies and IR
intensities for the global minima structures of the monomer-
ic up to the trimeric species are given in Table 6 from two


different levels of computations. As expected, the most in-
tense IR band for the monomer arises from the asymmetric
Cr�Cl n3 stretching mode. The two DFT calculations predict
this mode to occur at 473 and 477 cm�1, respectively, while
MP2 and CCSD(T) calculations give 497 and 493 cm�1, re-
spectively. The experimental information for this mode is
rather confusing. Kobra assigned 475 cm�1 to the asymmetric
stretching frequency in a gas-phase IR experiment.[8] From
the three available argon-matrix IR measurements, two
groups assigned this mode similarly, at 458[7] and 457 cm�1,[9]


while the third group assigned a value that is 40 cm�1


higher, that is, 494 cm�1.[5] To make the picture more compli-
cated, Hastie et al.[7] measured CrCl2 in a neon matrix and
found the mode at 493 cm�1. Even taking into account
matrix shifts, the 40 cm�1 difference between the different
matrices is too large—not to mention the difference be-


Table 6. Vibrational frequencies (n) and IR intensities (I) calculated for
the global minima singlet or quintet states of the CrCl2 species.


[a]


Method Species n [cm�1] (I [kmmol�1])


B3LYP monomer 49(15), 349(11), 473 ACHTUNGTRENNUNG(147)
B3PW91 monomer 57(14), 358(13), 477 ACHTUNGTRENNUNG(136)
B3LYP dimer 21(8), 23(2), 37, 90, 113, 115(19), 265(8), 282(6),


284, 330(46), 420 ACHTUNGTRENNUNG(293), 433(5)
B3PW91 dimer 21(2), 30(8), 51, 90, 110, 115(19), 264(7), 287,


294(7), 339(43), 423 ACHTUNGTRENNUNG(275), 437(13)
B3LYP trimer 13(2), 18(7), 23, 29, 29, 90, 92(4), 95(8), 105,


133(18), 144, 213, 261, 281(13)
288, 293(5), 309, 330 ACHTUNGTRENNUNG(191), 350(79), 424 ACHTUNGTRENNUNG(299), 429


B3PW91 trimer 12(1), 26, 27(7), 30, 37, 90, 96(9), 97(4), 104,
133(18), 139, 220, 265, 283(11)
290, 303(4), 319, 336 ACHTUNGTRENNUNG(182), 358(74), 428 ACHTUNGTRENNUNG(293), 432


[a] Only non-zero intensities are listed and set in parentheses after the
corresponding frequency.
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tween data referring to the same matrix. The picture is fur-
ther complicated by a relatively new gas-phase measurement
that suggested a 422 cm�1 value for the asymmetric stretch-
ing frequency of CrCl2.


[10] We note that this frequency fits
rather well to our most intense stretching frequency for the
CrCl2 dimer.


Beside the evident problems of both high-temperature
gas-phase and matrix-isolation IR experiments, including an
uncertain amount of dimeric or other polymeric species,
there are also other uncertainties in the experiments. For ex-
ample, in two of them[9,10] CrCl3 was evaporated, not CrCl2
and thus the vapor composition was, possibly, even more
complicated. In another experiment[5] metallic chromium
was treated with chlorine gas at high temperature in argon
atmosphere and the vapor composition was not checked.


In trying to decide which one of the measured frequencies
could be the real gas-phase asymmetric stretching frequency
of CrCl2, it is worthwhile to compare this value to the asym-
metric stretching frequencies of the other first-row transi-
tion-metal dihalides.[2] They change from about 480 cm�1


(MnCl2) up to about 520 cm�1 (NiCl2). Although there is no
direct connection between the bond length and the n3 fre-
quency, it is still worthwhile mentioning that the bond
length is largest for MnCl2 (d


5 electronic configuration), and
it decreases toward NiCl2; the difference between the two
being as large as 0.13 O. Considering the position of Cr in
the row, the n3 value around 475 cm�1 seems to be somewhat
more reasonable for CrCl2 than the one around 495 cm�1.


Kobra[8] and Hastie[7] measured several other bands that
they assigned to dimeric or possibly trimeric species. Several
of these agree with our computations, considering the evi-
dent uncertainties of both techniques. There is a wide and
very intense peak in the high-temperature gas-phase spec-
trum[8] (about 320 cm�1) that must include the monomer
symmetric stretching frequency (we computed it between
340–350 cm�1), but its IR intensity is rather small. There are,
however, several medium intensity bands of the dimer and
an intense band of the trimer in this region.


As we have [4ACHTUNGTRENNUNG(n�1)+2] Cr�Cl bonds for the (CrCl2)n
clusters, we have 4n�2 Cr�Cl stretching frequencies in the
CrCl2 chain. The two highest frequency modes are the sym-
metric and asymmetric terminal Cr�Clt stretching modes.
As expected, the coupling between the symmetric and asym-
metric modes becomes smaller as the chain grows and the
splitting between these two modes become smaller with
only 5 cm�1 left for the trimer. These frequencies branch out
with growing cluster size, with the lowest stretching frequen-
cy starting from 349 cm�1 for the monomer, 265 cm�1 for
the dimer, to 213 cm�1 for the trimer; while the highest fre-
quency decreases converging at around 430 cm�1 with grow-
ing chain length at the B3LYP level of theory. The lowest
frequencies for all of the clusters are the ring puckering,
ring twisting, and terminal chlorine bending modes.


There are no experimental data reported for the bending
frequency. This is the frequency for which the computations
are the most vulnerable; they usually underestimate these
modes by a considerable amount as the bending potential


can be quite shallow, see Figure 3. Our computations predict
the bending mode for CrCl2 between 25 and 57 cm�1. For
the first-row transition-metal dihalides from MnCl2 to NiCl2,
this frequency has been measured between about 85–
96 cm�1. Based on this, our bending mode frequency of
45 cm�1 as predicted by CCSD(T) is probably too small. Of
course, the experimental bending frequencies could include
considerable anharmonicity effects. However, our anhar-
monic analysis for the bending mode results in a decrease of
this mode by only 1 cm�1, even less than the anharmonic
contributions to the symmetric and asymmetric stretching
frequencies that are about 3–4 cm�1.


The B3LYP and B3PW91 dipole moments for the global
minima are 2.267 D and 2.430 D for the 5B2 state of the
ACHTUNGTRENNUNGmonomer, and 1.082 D and 1.728 D for the 1A1 state of the
dimer D1, respectively. This compares to 1.609 D (B3LYP)
and 2.119 D (B3PW91) for the 9A1 state of the dimer. Note
that the trans structures contain inversion symmetry and
yield no dipole moment.


Thermodynamic analysis : Vibrational analyses on the
B3LYP global minima were carried out at 298.15 K as well
as from 1000–2000 K. We calculated the values of DH from
statistical thermodynamics for the reactions given in Equa-
tions (1)–(3) to be �44.4, �42.0, and �42.1 kcalmol�1, re-
spectively.


2CrCl2 ! Cr2Cl4 ð1Þ


Cr2Cl4 þ CrCl2 ! Cr3Cl6 ð2Þ


Cr3Cl6 þ CrCl2 ! Cr4Cl8 ð3Þ


Based on the DHo
298 values of sublimation for the mono-


mer up to the tetramer from a mass spectrometric study by
Ratkovskii et al.,[14] we calculated the values of DH for the
same reactions to be �55�4, �53�5, and �56 kcalmol�1,
respectively, at standard conditions; the tetramer value is
only an estimation. Ratkovskii and co-workers also deter-
mined the standard enthalpies of dissociation of the dimer,
trimer, and tetramer to be 55�4, 109�8, and
156 kcalmol�1, respectively. We obtained values of 44.4,
86.4, and 128.5 kcalmol�1, respectively, for the same process-
es. Schoonmaker et al.[13] determined the DH value of disso-
ciation of the dimer at 985 K to be 47.9�3 kcalmol�1. We
obtained a value of 42.7 kcalmol�1. Hence our B3LYP DH
values for reactions given in Equations (1)–(3) are all too
positive compared to the experimental values. Changing to
B3PW91 or to any other hybrid or generalized gradient ap-
proximation does not improve this situation significantly.


Therefore we used the following approach: we calculated
the dimerization energy by the CASPT2 method and used
that as a basis to estimate all other dissociation energies.
First, as each CrCl2 adds almost a constant value, we took
the CASPT2 dimerization energy of 54.0 kcalmol�1 and cor-
rected it by the three- and four-body contributions from our
B3LYP calculations. This gives changes in total electronic
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energies (not including zero-point vibrational energy correc-
tions) of DE=�54.0 kcalmol�1 for the reaction in Equa-
tion (1) as discussed above, and �51.7 for reactions in Equa-
tions (2) and (3). Next, we took the thermodynamic analysis
from our B3LYP calculation and added the finite tempera-
ture values to our CASPT2 energies. The corrected enthal-
pies, DH, and free energies, DG, at different temperatures
are listed in Table 7. The reported DH values are now in
much better agreement with experiment, even though they
might still be a bit low.


The reported thermodynamic properties should be useful
for future gas-phase experiments. Unfortunately, we could
not estimate the possible vapor composition at our ED ex-
perimental conditions. First of all, the vapor composition is
very sensitive to slight changes in the DG values. Moreover,
the evaporation during the ED experiment is most likely a
sublimation process, during which larger species might evap-
orate from the solid together with the monomeric molecules.
The estimation of the thermodynamics of these processes is
beyond our present possibilities.


Conclusions


Chromium dichloride remains a challenging problem for
both experimental and theoretical studies. From the compu-
tational point of view, handling an open electron-shell
system requires special care. It has been shown previous-
ly[20,21] that ligand field theory is only a crude approximation
for these systems, as there is a noticeable 3d–4s mixing,
giving rise to low-lying, closely spaced electronic states. In
this paper, complete active space calculations with different
sizes of the active space were applied; together with multire-
ference, second-order perturbation theory, and coupled clus-
ter calculations, in order to treat both dynamic and nondy-
namic electron correlation for the monomer molecule. Ac-
cording to the literature, neither the electronic state nor the
shape of the ground-state monomeric molecule have been
known with certainty. Our extensive calculations determined
that from among the possible electronic states of a linear
molecule, the 5Pg state has the lowest energy, but it is a
saddle point, in agreement with the ramifications of the
Renner–Teller effect.[56]


Chromium dichloride, with its d4 electronic configuration,
is an interesting system in that it is subject to both the Jahn–
Teller and the Renner–Teller effects; the former in its crys-
tals and the latter in the gas phase. The chromium atom in


the crystal of a-CrCl2 has a distorted (elongated) octahedral
coordination according to both its X-ray diffraction[62] and
computational[31] studies—a typical Jahn–Teller distortion of
a high-symmetry octahedral coordination around a d4 metal.


According to the Renner–Teller effect, the lowest energy
linear electronic state of the molecule, 5Pg, splits into two
nondegenerate states, of which the 5B2 state is the ground
state from all but one of our calculations. Only the CASPT2
method puts the 5B2 electronic state above the 5Sþg state by a
mere 0.035 eV. The 5Sþg state is about 0.16–0.28 eV higher in
energy than the 5B2 state for all other computations. The
other electronic states are much higher in energy and are
not contestants for the electronic ground state.


Small clusters of CrCl2 from dimers to tetramers have
been investigated. It was found that they all consist of anti-
ferromagnetically coupled chains of CrCl2 molecules, form-
ing four-membered rings, closely resembling the solid-state
structure of a-CrCl2. The BS-DFT calculations might over-
estimate the stabilities of the coupled low-spin states. [67]


The correlated ab initio methods predict that the high-spin
states are the ground state, but this result is strongly
method-dependent, and requires accurate multireference
calculations. Nevertheless, the DFT calculations are in
agreement with experimental results for the solid, in which
the ground state is the antiferromagnetically coupled state.


From the possible structures for the dimer, the C2v and
C2h symmetry structures are shown to have almost the same
energy; therefore, both are candidates for the ground state
for the dimer, with the C2v structure being more stable than
the pseudo Jahn–Teller distorted C2h structure by less than
0.01 eV.


We re-analyzed the previously published ED data[3] taking
into consideration the more complicated vapor composition
than supposed in that study.[68] The major component of the
vapor of chromium dichloride was the monomeric species.
Beside that about 19(4)% dimers and 4(3)% trimers were
also present, but their larger size means greater contribu-
tions to the molecular scattering (due to their larger number
of atomic pairs) than their small percentage would indicate.
We estimated the experimental equilibrium bond length of
CrCl2 by anharmonic corrections, rMe ACHTUNGTRENNUNG(Cr�Cl)=2.196(20) O.
This value, as well as the bond angle of the molecule, agrees
very well with the computations. The unusually large uncer-
tainties of the parameters are due to the complicated vapor
composition and the very large correlations among the
closely spaced distances belonging to the different species.
The present ED analysis is in agreement with the previous


Table 7. Thermodynamic properties for the CrCl2 nucleation according to the reactions in Equations (1)–(3) in the text.


T DH(1) DG(1) DS(1) DH(2) DG(2) DS(2) DH(3) DG(3) DS(3)
[K] [kcalmol�1] [kcalmol�1] [calmol�1K�1] [kcalmol�1] [kcalmol�1] [calmol�1K�1] [kcalmol�1] [kcalmol�1] [calmol�1K�1]


298.15 �51.8 �40.2 �39.0 �49.5 �37.9 �38.8 �49.6 �36.5 �43.7
1000 �50.1 �16.9 �33.2 �47.7 �12.6 �35.1 �47.8 �8.7 �39.0
1200 �49.3 �10.3 �32.5 �46.9 �5.6 �34.4 �47.0 �1.0 �38.3
1500 �48.1 �0.7 �31.6 �45.7 4.6 �33.5 �45.8 10.0 �37.2
2000 �46.1 14.8 �30.4 �43.7 21.7 �32.4 �43.8 28.8 �36.3
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one in that the molecule is not linear; however, the bond
angle from the present study is much larger than the one re-
ported in reference [3]. The dibridged structure of the tri-
meric species, found to be the ground-state structure by our
computations, is also in agreement with the experiment,
while the usual structure of metal halide trimers, the six-
membered ring structure, is not. The bridged structure of
the dimeric and trimeric species can be considered as a first
step in the nucleation process leading to the crystal of
CrCl2.


Young et al.[69] conclude their recent article on the shape
of the TiF2 molecule with the following statement: “There is
now no reliable experimental evidence for the nonlinearity
of any first row transition-metal difluoride or dichloride.” In
view of our findings on the nonlinearity of CrCl2, we offer
the following comment. Our computations determined that
this molecule undergoes Renner–Teller symmetry breaking,
and within the adiabatic (Born–Oppenheimer) approxima-
tion—which strictly defines the structure of a molecule[70]—
it is bent. It is comforting that the electron-diffraction exper-
imental data are fully consistent with this finding. At this
point it is of interest to look into the question: could the
ED data alone be interpreted by a linear arrangement of
the molecule? This question is not as straightforward as we
might think, since ED yields a thermal average structure
rather than the equilibrium structure, hence even a linear
molecule appears to be bent in an ED analysis. Thus, the
question is whether it might be possible to distinguish a bent
thermal average structure from a genuinely nonlinear geom-
etry? The shrinkage of the nonbonded Cl···Cl distance for a
linear metal dichloride molecule is always much larger than
that of a truly bent molecule, so the thermal-average struc-
ture for such a linear molecule could be close to a truly bent
one. There is a simple relationship between the bending fre-
quency of a linear molecule and the shrinkage effect and,
consequently, the bond angle of the molecule.[71] As we al-
ready discussed above, the computed bending frequencies of
CrCl2 are much too small to be reliable. However, there are
experimental frequencies available for several other transi-
tion-metal dichlorides.[2] In between TiCl2 (130 cm�1) and
CuCl2 (122 cm


�1), the bending frequencies of other first-row
transition-metal dichlorides vary between about 85–95 cm�1.
Thus, it seems reasonable to suppose that the gas-phase
bending frequency of CrCl2 would not be smaller than, say,
90–100 cm�1. We performed structure analyses with bond
angles constrained at values corresponding to bending fre-
quencies in the region between 60–120 cm�1. The agreement
with experiment somewhat worsened compared with the
structure with the refined 1498 bond angle. However, when-
ever the constraint on the bond angle was lifted, it always
refined to the 1498 value. We also checked which bending
frequency would correspond to a thermal average bond
angle of 1498 for a molecule for which the equilibrium struc-
ture would be linear. The corresponding n3 was 73 cm�1.
This value appears far too low considering the trend of the
bending frequency variation among the first row transition-


metal dichlorides. This observation lends additional support
for the nonlinearity of CrCl2.
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Abstract: We report the synthesis and
structural characterisation of a family
of finite molecular chains, specifically
[{[R2NH2]3 ACHTUNGTRENNUNG[Cr6F11 ACHTUNGTRENNUNG(O2CCMe3)10]}2] (in
which R=nPr 1, Et 2, nBu 3),
[{Et2NH}2ACHTUNGTRENNUNG{[Et2NH2]3ACHTUNGTRENNUNG[Cr7F12ACHTUNGTRENNUNG(O2C-
ACHTUNGTRENNUNGCMe3)12] ACHTUNGTRENNUNG[HO2CCMe3]2}2] (4), [{[Me2-
ACHTUNGTRENNUNGNH2]3ACHTUNGTRENNUNG[Cr6F11ACHTUNGTRENNUNG(O2CCMe3)10]·2.5H2O}4]
(5) and [{[iPr2NH2]3ACHTUNGTRENNUNG[Cr7F12ACHTUNGTRENNUNG(O2C-
ACHTUNGTRENNUNGCMe3)12]}2] (6). The structures all con-
tain horseshoes of chromium centres,
with each Cr···Cr contact within the
horseshoe bridged by a fluoride and
two pivalates. The horseshoes are
linked through hydrogen bonds to the
secondary ammonium cations in the
structure, leading to di- and tetra-
horseshoe structures. Through magnet-
ic measurements and inelastic neutron


scattering studies we have determined
the exchange coupling constants in 1
and 6. In 1 it is possible to distinguish
two exchange interactions, JA=


�1.1 meV and JB=�1.4 meV; JA is the
exchange interactions at the tips of the
horseshoe and JB is the exchange
within the body of the horseshoe
(1 meV=8.066 cm�1). For 6 only one
interaction was needed to model the
data: J=�1.18 meV. The single-ion
anisotropy parameters for CrIII were
also derived for the two compounds as:


for 1, DCr=�0.028 meV and jECr j=
0.005 meV; for 6, DCr=�0.031 meV.
Magnetic-field-dependent inelastic
neutron scattering experiments on 1 al-
lowed the Zeeman splitting of the first
two excited states and level crossings
to be observed. For the tetramer of
horseshoes (5), quantum Monte Carlo
calculations were used to fit the mag-
netic susceptibility behaviour, giving
two exchange interactions within the
horseshoe (�1.32 and �1.65 meV) and
a weak inter-horseshoe coupling of
+0.12 meV. Multi-frequency variable-
temperature EPR studies on 1, 2 and 6
have also been performed, allowing
further characterisation of the spin
Hamiltonian parameters of these
chains.
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Introduction


Two classes of molecules have been heavily studied in the
field of spin clusters in recent years. Most work has been
done on “single-molecule magnets” (SMMs),[1–4] which are
high-spin molecules that retain magnetisation in the absence
of a magnetic field due to anisotropy of the spin ground
state. Secondly there has been much work on antiferromag-
netically coupled (AFM) wheels.[5–14] AFM wheels are aes-
thetically pleasing and allow detailed investigation of quan-
tum phenomena.[9,13,15–17] It has also been proposed that het-
erometallic AFM wheels that possess an S=1/2 ground state
could be used in quantum information processing.[9,18–20]


Much rarer than the AFM wheels are finite AFM chains.
There are an interesting family of such chains involving
Ni[21] Cr[22] and Co centres[23] bridged by oligo-a-dipyridyl-
ACHTUNGTRENNUNGamines; in these chains the magnetic exchange is normally
very strong. Another family of finite chains can be made by
adapting the synthetic procedure that generates the hetero-
metallic AFM wheels.[9,24] Here we discuss studies of hexa-
and heptanuclear finite molecular chains.


Our detailed investigation of the magnetism in these
chains, by magnetisation measurements, inelastic neutron
scattering (INS) and electron paramagnetic resonance spec-
troscopy (EPR), was motivated by the large interest in un-
derstanding the physical nature of the magnetic ground
states and excitations in molecular spin clusters.[13] In most
clusters the Heisenberg interactions between the metal cen-
tres are the dominant terms, raising the general question of
the possible magnetic phenomena due to Heisenberg inter-
actions, which is evidently very fundamental. The answers,
however, would also be relevant to chemistry, as they may
suggest strategies for synthesising new topologies of poten-
tial interest or even compounds with desired magnetic prop-
erties.


The AFM wheels have become prototypical systems in
this regard, and allow an important general insight into the
problem of which ground states and spin excitations may
emerge from Heisenberg interactions. In particular, they
suggest what may be called the “L&E-band picture”,[13,15,25]


which appears to be generic for a rather large class of
ACHTUNGTRENNUNGHeisenberg spin clusters. In this picture, the low-lying
energy spectrum consists of several rotational bands, those
energies increase according to the LandQ pattern E(S)/S-
ACHTUNGTRENNUNG(S+1). The lowest band, the L-band, corresponds to a
(quantised) rotation of the NQel vector,[13, 15,25–29] and the
next higher ones, collectively called the E-band, may be pic-
tured as (discrete) AFM spin waves.[13,15, 25,26]


Studying AFM chains in this context, and comparing
them to AFM wheels, is highly desirable, as it will be inter-
esting to see the characteristic effects due to the change of
the boundary conditions from periodic (wheels) to open
(chains). The physical nature of the excitations and spin
structure in the hexanuclear chain was discussed recently.[30]


We here present a brief review of the L&E-band concept
with a discussion of the finite chains in particular, including
a chemical analogy for the excitations observed in the hexa-


nuclear chain, which may help chemists to better understand
some key aspects of the magnetic excitations in Heisenberg
spin clusters.


Results and Analysis


Synthesis and structural studies : The horseshoes (1–6) are
all made by the same procedure, which is the reaction of hy-
drated chromium fluoride with pivalic acid in the presence
of a secondary amine. In the absence of this amine the
parent molecule, the homometallic [{CrF ACHTUNGTRENNUNG(O2CCMe3)2}8]
wheel (7) forms.[12] This compound is also a by-product of
the reactions that produce the horseshoes if a small amount
of a secondary amine is used in reaction, or if heating is to a
higher temperature or for a longer period of time. Our
belief is that it is hydrogen bonding between the fluoride
ions and the protonated amines that slows the formation of
7; the protonated amines stabilise the finite chains, which
can then be crystallised by careful choice of conditions. We
have examined a range of secondary amines to see if differ-
ent chains can be stabilised in different reaction conditions.


With di-n-propyl- and di-n-butylamine the only horseshoe
products we have crystallised are [{[nPr2NH2]3ACHTUNGTRENNUNG[Cr6F11-
ACHTUNGTRENNUNG(O2CCMe3)10]}2] (1) and [{[nBu2NH2]3ACHTUNGTRENNUNG[Cr6F11ACHTUNGTRENNUNG(O2CCMe3)10]}2]
(3). The structure of 1 is shown in Figure 1. The individual


{Cr6} cages have the shape of a horseshoe, with each Cr···Cr
edge bridged by a fluoride and two pivalates. The CrIII ions
at the tips of the horseshoe (Cr1 and Cr6) each have four
fluorides (of which three terminal) and two carboxylates co-
ordinated, while the other CrIII ions each have two fluorides
and four carboxylates coordinated. The structure is clearly
related to 7, and to the heterometallic rings, missing two
metal centres to complete a wheel.


In 1 and 3 the horseshoes are arranged in pairs related by
inversion symmetry in the crystal structure. A secondary
ammonium cation is within each horseshoe, in an analogous
position to the templating ammonium ions in the heterome-
tallic wheels. These ammonium cations form hydrogen


Figure 1. The structure of 1 in the crystal.
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bonds to terminal fluorides. In both structures four further
secondary ammonium cations are located between the tips
of the horseshoes and also form hydrogen bonds to terminal
fluorides. Therefore, a pseudo-macrocycle containing twelve
CrIII ions is formed.


For shorter secondary amines a more varied picture is
found. When Et2NH is used an analogous structure to 1 and
3 can be formed in the same conditions. [{[Et2NH2]3ACHTUNGTRENNUNG[Cr6F11-
ACHTUNGTRENNUNG(O2CCMe3)10]}2] (2) has an identical arrangement of horse-
shoes and ammonium cations as in 1. However when half as
many mole equivalents of Et2NH is used a mixture of com-
pounds is formed. The major product is 2, which was ex-
tracted in Et2O with some trace of [{CrF ACHTUNGTRENNUNG(O2CCMe3)2}8] (de-
tected by EI MS and TLC). A small amount of a further
product remains (�100 mg) which is less soluble in Et2O.
This product was extracted with THF, filtered and the THF
removed by evaporation prior to crystallisation from pen-
tane/acetone. A very small amount of two different shaped
crystals were obtained. These were identified by X-ray crys-
tallography as [{Et2NH}2 ACHTUNGTRENNUNG{[Et2NH2]3ACHTUNGTRENNUNG[Cr7F12ACHTUNGTRENNUNG(O2CCMe3)12]-
ACHTUNGTRENNUNG[HO2CCMe3]2}2] (4) and [{[Et2NH2]3 ACHTUNGTRENNUNG[Cr7F10 ACHTUNGTRENNUNG(O2CCMe3)14]}2]
(4 a). The structure of 4 a is of insufficient quality to report;
however, it appears to contain a similar structure to 4 but
with terminal fluorides replaced by pivalate ligands.


The structure of 4 (Figure 2) contains a dimer of horse-
shoes, but contains {Cr7} horseshoes rather than hexanuclear


chains. The Cr···Cr vectors are bridged as in 1–3, and again
there are three terminal fluorides on the CrIII sites at the
tips of the horseshoe.


As in 1–3 there are hydrogen bonds from each horseshoe
to a central ammonium cation (N1), but the arrangement of
the four further ammonium cations is quite different. Two
(the ammonium containing N4 and the symmetry equiva-
lent) form hydrogen bonds to terminal fluorides from the
same horseshoe (e.g., F7 and F10 in Figure 2). The final two
(N2 and the symmetry equivalent) form hydrogen bonds to
fluorides from different horseshoes (e.g., F12 and F8A or F8
and F12A). Therefore compared with 1–3 we have only two


fluorides linking the horseshoes rather than four. The two
horseshoes in 4 are not co-planar, with a step at the bridging
ammoniums.


The remaining terminal fluorides (F9 and F11) are in-
volved in hydrogen bonding to pivalic acid molecules. A fur-
ther Et2NH group is found in the lattice, which is not in-
volved in hydrogen-bonding interactions.


If Me2NH is used as the secondary amine the resulting
structure is more complex. In place of the dimer of horse-
shoes we find a hydrogen-bonded tetramer, [{[Me2NH2]3-
ACHTUNGTRENNUNG[Cr6F11ACHTUNGTRENNUNG(O2CCMe3)10]·2.5H2O}4] (5 ; Figure 3). The individual


{Cr6} horseshoes are analogous to those found in 1–3, and
each has a [Me2NH2]


+ ion within each horseshoe. However
the horseshoes pack with hydrogen bonds to eight further
[Me2NH2]


+ ions with {Cr6} horseshoes arranged in a cross
(Figure 3).


If iPr2NH is used as the secondary amine a fourth struc-
tural type is found. [{[iPr2NH2]3ACHTUNGTRENNUNG[Cr7F12ACHTUNGTRENNUNG(O2CCMe3)12]}2] (6)
contains {Cr7} horseshoes similar to that in 4, but with hy-
drogen bonding between the horseshoes similar to that
found in the structures of 1–3 (Figure 4), that is, there is an
ammonium cation at the centre of each horseshoe, and four
further iPr2NH2 cations hydrogen bonding between the {Cr7}
chains. All the fourteen Cr centres lie in the same plane.


Magnetic measurements of 1, 2, 5 and 6 : Physical studies
have been pursued on four representative examples: three
dimers of horseshoes, 1, 2 and 6, and also the tetramer of
horseshoes, 5.


The magnetic susceptibility (c) versus temperature of 1 is
shown in Figure 5. It exhibits two maxima at about 4 and
16 K, indicative of AFM interactions. Observation of two
maxima is unusual; such a feature has been reported previ-
ously for the AFM wheel {Cr8Ni}[31] and in {Cr10Cu2} rings.[32]


Figure 2. The structure of 4 in the crystal.


Figure 3. The structure of the “cross of horseshoes” of 5 in the crystal.


www.chemeurj.org K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5144 – 51585146


R. E. P. Winpenny, H. U. GFdel et al.



www.chemeurj.org





The cT value of 9.84 emuKmol�1 at 300 K is somewhat
smaller than the calculated value of 11.02 emuKmol�1 for
six uncoupled CrIII ions with Sj=3/2 and g=1.98, indicating
AFM interactions between the CrIII ions. Towards the lowest
temperature cT approaches zero, suggesting a spin ground
state of S=0, consistent with the even number of CrIII ions
and AFM interactions. Compound 2 shows similar behav-
iour.


The magnetic behaviour of 1 and 2 can be described by
the spin Hamiltonian given in Equation (1) in which JA rep-
resents the Heisenberg exchange between Cr1 and Cr2, and
between Cr5 and Cr6, that is, the couplings at the tips of the
horseshoe; JB is the exchange coupling between the remain-
ing CrIII ions; DCr is the axial and ECr the rhombic zero-field
splitting (ZFS) parameter of the CrIII ions.


h ¼�JAðŜ1Ŝ2 þ Ŝ5Ŝ6Þ�JBðŜ2Ŝ3 þ Ŝ3Ŝ4 þ Ŝ4Ŝ5Þþ


DCr


X6


j¼1


Ŝ2
j,zþ ECr


X6


j¼1


ðŜ2
j,xþ Ŝ2


j,yÞ
ð1Þ


The magnetic behaviour of 1 can be modelled well


(Figure 5) with g=1.98, JA=�1.16 meV, JB=�1.40 meV,
while the best fit of data measured on 2 gives the parame-
ters, g=1.98, JA=�1.14 meV, JB=�1.48 meV (1 meV=


8.066 cm�1). The susceptibility data do not allow the ZFS
parameters to be determined.


For 6, the c value increases slightly from 0.04 emumol�1


at 300 K to a broad local maximum at around 30 K
(Figure 5). Below 15 K a steep increase is observed to
1.01 emumol�1 at 1.8 K. The cT value decreases from
11.61 emuKmol�1 at 300 K to a minimal value of 1.76 emuK
mol�1 at 4.0 K, before a slight increase to 1.83 emuKmol�1


at 1.8 K occurs (Figure 5). The cT value of 11.61 emuK
mol�1 at 300 K is below the calculated value of 12.86 emuK
mol�1 for seven uncoupled CrIII ions with S=3/2 and g=


1.98, indicating that the AFM interactions affect the suscept-
ibility up to 300 K. The subsequent decrease of cT with de-
creasing temperature is a further sign of AFM interactions.
The low-temperature cT value of 1.83 emuKmol�1 is in
good agreement with the calculated value of 1.84 emuK
mol�1 expected for a spin ground state of S=3/2 and g=


1.98. The field dependence of the magnetisation measured
at 1.8 K is depicted in Figure 6. It shows a typical saturation


behaviour, and at 5 T a value of 2.88 NAmB near saturation.
This is in good agreement with an S=3/2 ground state.


The magnetic susceptibility data can be modelled by using
a similar spin Hamiltonian to that in Equation (1), again ne-
glecting anisotropy, but with an additional Cr spin centre in-
cluded. For 6 only a single Cr···Cr exchange interaction of
�1.18 meV was required for a good fit of the susceptibility
data. There is also no need to include magnetic interactions
between the paramagnetic individual horseshoes to fit the
susceptibility behaviour.


For 5, the c values increases gradually across the entire
temperature range, with a very sharp increase below 20 K
(Figure 7). The cT value of 39.3 emuKmol�1 at room tem-
perature is a little below that calculated for 24 CrIII centres
(44.1 emuKmol�1 for g=1.98) and decreases smoothly with
decreasing temperature. This is sign of antiferromagnetic ex-
change between the metal centres. At the lowest tempera-


Figure 4. The structure of 6 in the crystal


Figure 5. The molar magnetic susceptibility of 1 (*) and 6 (~) plotted as
a) c and b) cT versus temperature measured at 0.1 T. The solid lines are
calculated curves with parameters given in the text.


Figure 6. Field-dependence of the magnetisation of 6 measured at 1.8 K.
The solid line is a calculation with S=3/2, D3/2 =�0.045 meV, and g=


1.96.
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ture we have measured cT is still falling rapidly. The temper-
ature dependence of c for 5 is markedly different to that ob-
served for 1, which contains the same {Cr6} repeat unit. Spe-
cifically, the point at which c reaches a maximum for 1 and
then falls, c for 5 is still rising at the lowest temperatures
measured.


This residual paramagnetism of 5 at very low temperature
can be explained in several ways. Such paramagnetism could
be the result of a paramagnetic ground state for each horse-
shoe—which seems unlikely given the results for 1. Alterna-
tively the explanation could be the presence of low-lying
paramagnetic excited states of the supramolecular tetramer,
as we have found previously for heterometallic rings.[31,32] A
third explanation—and one very commonly adopted in the
magnetochemistry literature—is to assume that this low-
temperature rise in c is due to a paramagnetic impurity. This
assumption—if unsupported by other evidence, for example,
elemental analysis—allows a fit of data to be performed that
may have no validity as it introduces an unjustified parame-
ter, namely the percentage of paramagnetic impurity.


As all evidence is that 5 is a pure compound, the variable-
temperature behaviour of susceptibility has been modelled
by using quantum Monte Carlo (QMC) techniques.[32,33] The
results are shown in Figure 7. The assumption was made
that a weak interaction could exist between the horseshoes,
presumably through hydrogen-bonding paths involving the
bridging ammonium cations. The QMC treatment, which
allows many possible sets of exchange parameters to be


ACHTUNGTRENNUNGexamined very quickly, leads to an excellent fit with parame-
ters: g=1.98, JA=�1.32, JB=�1.65 and JC=++0.12 meV (in
which JA and JB have the same meaning as in the discussion
above, and JC is the coupling between horseshoes). The low-
temperature rise in c can be modelled to 5 K, but below this
temperature frustration effects make application of QMC
difficult ; the calculations do not converge. However the fit
over the temperature range from 300–5 K, and the clear in-
dication of a rise in c at low temperature suggests the model
is good. The exchange parameters are in broad agreement
with those calculated for 1 and 2, and with those used to fit
INS data of 1 (see below).


Zero-field inelastic neutron scattering (INS) of 1: INS spec-
tra of 1 at 1.6, 9.5 and 20 K were obtained on an IN5 instru-
ment with an initial neutron wavelength of li=3.8 T (Fig-
ure 8a). The high sloping background is ascribed to a non-


magnetic origin due to the hydrogen content of the sample,
while the sharper peaks are assigned to magnetic excitations.
We applied the so-called Bose correction to subtract the
background due to hydrogen atoms. The 20 K data were di-
vided by the Bose population factor for phonons[34] at 20 K
and then multiplied with the population factor for 9.5 or
1.6 K. The resulting Bose corrected intensity was then sub-
tracted from the 9.5 and 1.6 K data. In this way the spectra
in Figure 8b were obtained, which confirms that the sloping
background in the raw data was due to phonons.


Five peaks are observed, labelled I–V, on the neutron
energy loss side, and two (I’ and II’) on the gain side. From


Figure 7. The molar magnetic susceptibility of 5 plotted as cT against T
(top) and c against T (bottom). The solid line is a curve calculated using
quantum Monte Carlo procedures and the parameters given in the text.


Figure 8. a)INS spectra of 1 obtained on IN5 (ILL) with an incoming
neutron wavelength li=3.8 T at 1.6, 9.5 and 20 K. Summed over all scat-
tering angles. b) INS spectra of 1 after Bose correction. The inset shows
part of a spectrum obtained with li=3.0 T at 1.7 K. The black solid lines
are calculated spectra, with JA=�1.1 meV, JB=�1.4 meV, D=


�0.028 meV, and jE j=0.005 meV.
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the temperature dependence it becomes clear that peak I at
0.32(1) meV and peak V at 2.55(1) meV are transitions from
the ground state (cold transitions), while peaks II, III and
IV at 0.93(2), 1.89(1), and 2.21(2) meV, respectively, are hot
transitions. Peaks I’ and II’ on the energy gain side are the
equivalents of transitions I and II on the loss side, and lie at
�0.32(1) and �0.91(1) meV, respectively. The inset of Fig-
ure 8a shows a spectrum obtained with a wavelength of li=


3.0 T at 1.7 K. Peak V is observed at 2.6(1) meV, and a new
peak VI at 4.4(1) meV. These data are not Bose corrected,
as we have only measured at low temperature with li=


3.0 T.
The neutron energy loss side of the INS spectra of 1 at 1.5


and 10 K obtained on IRIS with final neutron wavelength
lf=6.66 T are depicted in Figure 9. The broad extension of


the elastic line is due to thermal diffuse scattering. The spec-
tra are characterised by a double peak at around 0.3 meV
{Ia: 0.281(1) meV; Ib: 0.357(1) meV}, which loses intensity
with increasing temperature (=cold transitions), and by a
broad peak at 0.919(3) meV (II) with more intensity at 10 K
than at 1.5 K (=hot transition).


The INS data can be reproduced with only one exchange
coupling constant, JA=JB=�1.27 meV.[30] A significantly
better fit, however, is obtained using two different exchange
coupling constants that account for the different coordina-
tion environment that the CrIII ions at the tips of the horse-
shoe have compared to the other CrIII ions. This is also re-
quired to fit the magnetic susceptibility data adequately (see
above).


Numerically diagonalising Equation (1) yields the energy
eigenvalues En and the corresponding wavefunctions jni.
These can be used to calculate the INS intensity for a transi-
tion i!f, which is proportional to the scattering function
Sab


ACHTUNGTRENNUNG(Q,w) given in Equation (2),[35] in which j,j’ is the number
of the CrIII centre; a and b stand for Cartesian coordinates
x, y, z ; Ŝj,a is the a component of the spin operator Ŝj at po-
sition rj ; j ii is the initial state of a transition with energy Ei ;
j fi the final state with energy Ef ; pi is the Boltzmann popu-
lation factor of state j ii and Q is the scattering vector or the


momentum transfer between neutron and sample, respec-
tively.


SabðQ,wÞ ¼
X


j,j0
expðiQðrj�rj0 ÞÞ�


X


i,f


pihijŜj,ajf ihf jŜj0 ,bjiidðEi�Ef þ �hwÞ
ð2Þ


For powder samples, Equation (2) has to be averaged in
Q space using known formulae.[36,37] The Q dependence of
the INS intensity given by so-called interference factors of a
certain transition bears information about the wavefunctions
of the involved states.[36,38] Unfortunately, due to the inco-
herent scattering from the hydrogen atoms in our sample,
the Q dependence could not be evaluated. Therefore, we
summed the spectra over all scattering angles, and hence
over the whole Q range. We calculated the INS intensities
accordingly, assuming Gaussian line shapes with a full-
width-half-maximum (FWHM) of 0.4 meV for the IN5 spec-
trum with li=3.0 T, 0.2 meV for the IN5 spectra with li=


3.8 T, and 0.03 meV for the IRIS spectra. We employed
sparse matrix techniques with a homemade program to cal-
culate the lowest states in energy,[25,37] because the calcula-
tion of all energies, wave functions and transition matrix ele-
ments as required for obtaining the INS intensity would be
time-consuming with our present computing power (Hilbert
space: 4096).


Excellent agreement between measured and calculated
INS energies and intensities was obtained with the parame-
ters JA=�1.1 meV, JB=�1.4 meV, DCr=�0.028 meV, and
jECr j=0.005 meV, shown as solid lines in Figures 8 and 9.
The negative coupling constants give an S=0 ground state;
the excited states have S�0, and the anisotropy parameters
mean these states will undergo zero-field splitting, that is,
not all MS states within a specific S state will be degenerate.
Because of the lower resolution, the ZFS is not observed in
the IN5 data. The value of DCr is unambiguously determined
by the energy difference of peaks Ia and Ib in the high-reso-
lution IRIS data; and ECr by the intensities and a broadened
linewidth of peak Ib.


Peaks I and V are transitions from the S=0 ground state
to excited S=1 states. Peak V consists of two transitions,
but the energies of the two S=1 states at approximately
2.5 meV are degenerate in our model. Peak VI contains
three unresolved transitions from the ground state into S=1
states. Peak II corresponds to a transition from the lowest
S=1 state to the lowest S=2 state, and peak III from this
S=2 state to the lowest S=3 state. Transition IV is a transi-
tion between the second S=1 state and a higher excited S=


2 state.
The lowest states of the calculated energy spectrum and


the observed transitions are shown in Figure 10. As the ani-
sotropy is smaller than the exchange interaction (strong-ex-
change limit), it is still possible to represent the wavefunc-
tions in jS,MSi notation, indicating the dominant contribu-
tion. The axial ZFS terms split the S=1 state into j1,0i and
j1,�1i, while the rhombic terms lead to a mixing of the


Figure 9. INS spectra of 1 obtained on IRIS with final wavelength lf=


6.66 T. The dashed line accounts for thermal diffuse scattering, and the
solid lines are calculated spectra with JA=�1.1 meV, JB=�1.4 meV, D=


�0.028 meV, and jE j=0.005 meV.
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wavefunctions of states differing by DMS=�2. Hence it ad-
mixes j1,+1i and j1,�1i, which leads to the splitting into
j2i and j3i shown in Figure 10, and hence to the observed
broadening of peak Ib in Figure 9. We cannot determine the
sign of ECr from this data.


The anisotropy splitting of the S=2 state is much smaller,
and cannot be determined by INS; however it is resolved by
EPR spectroscopy (see below). In addition peak II appears
to consist of several transitions, due to the ZFS of the initial
S=1 and final S=2 state. This accounts for the breadth of
this peak.


Zero-field inelastic neutron scattering (INS) of 6 : Figure 11
shows the neutron energy loss side of the INS spectra for 6
measured on IRIS at 1.5 and 10 K. The solid line in Fig-
ure 11a is an analytical function comprising a Gaussian and
a Lorentzian, which accounts for the thermal diffuse scatter-
ing background. Subtraction of this background yields the
spectra shown in Figure 11b. At 1.5 K three well resolved
peaks at 0.09 (I), 0.63 (II) and 0.72 meV (III) are observed.
Peaks I–III lose intensity with increasing temperature
(=cold transitions), while a broader peak at 1.13 meV (IV)
appears (=hot transition). Furthermore, at the upper edge
of the spectra some intensity is observed. It is also associat-
ed with a magnetic transition (V); it is slightly less intense
at 10 K than at 1.5 K.


In order to model the INS spectra of 6, we used the
ACHTUNGTRENNUNGHamiltonian given in Equation (3), in which J is the isotrop-
ic exchange constant between the CrIII ions in the chain and
DCr is the single-ion ZFS parameter.


h ¼ �J
X6


j¼1


ŜjŜjþ1 þDCr


X7


j¼1


Ŝ2
j,z ð3Þ


As for 1 and the homo- and heterometallic CrIII-contain-
ing wheels,[39,41] the AFM exchange coupling is expected to
be the leading term. The resulting spin ground state is S=


3/2, which is zero-field split into the two KramerUs doublets
MS=�3/2 and MS=�1/2. DCr is expected to be negative in
analogy to 1, and the other CrIII-containing wheels.[39,41] The
analysis and calculation of the INS intensity was done as for
1 (for 6 the Hilbert space is 16384), and we assumed Gaussi-
an line shapes with a FWHM of 0.03 meV. The best agree-
ment between calculated and observed spectra was obtained
for J=�1.18 meV and DCr=�0.031 meV, shown as solid
lines in Figure 11b. A part of the calculated energy spectrum
is shown in Figure 12, with energy states labelled again in


Figure 10. a) Calculated isotropic energy spectrum of 1 below 5 meV
with JA=�1.1 meV and JB=�1.4 meV. b) Including anisotropy with D=


�0.028 meV and jE j=0.005 meV.


Figure 11. a) INS spectra of 6 measured at 1.5 and 10 K on the backscat-
tering spectrometer IRIS with a final wavelength lf=6.66 T. The solid
lines are derived from an analytical function accounting for thermal dif-
fuse background scattering. b) Measured spectra after background sub-
traction. The solid lines represent the simulated spectra for J=


�1.18 meV, D=�0.031 meV, and FWHM=0.03 meV.


Figure 12. Calculated energy spectrum of 6 below 2 meV with J=


�1.18 meV and D=�0.031 meV. The states are labelled with the domi-
nant contribution to the wavefunctions in jS,MSi notation. Vertical
arrows indicate observed INS transitions with labels corresponding to the
peak labels in Figure 10.
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jS,MSi notation. The vertical arrows represent the observed
allowed transitions. Peak I corresponds to the transition
within the zero-field split S=3/2 ground state and directly
determines the value of DCr. Peaks II, III and V reflect tran-
sitions from the ground-state multiplet to the lowest lying
S=1/2 and 5/2 multiplets. Peak IV consists of several transi-
tions from the first excited S=1/2 state to close-lying higher
S=1/2 and 3/2 states.


Inelastic neutron scattering (INS) of 1 in a magnetic field :
Figure 13 shows the INS spectra obtained on FOCUS with
li=5.5 T at approximately 40 mK after subtracting an ana-
lytical function to account for the background due to quasi-
elastic diffuse scattering. At zero field a broad asymmetric


peak (peak I) at about 0.34(1) meV is observed, which cor-
responds to peak I in the IN5 data (Figure 8), and consists
of the peaks Ia and Ib observed in the IRIS experiments
(Figure 9; the resolution of the FOCUS experiment is too
low to resolve the ZFS). With increasing field peak I is split
into three components, I(�1), I(0), and I(+1). Between 2.5
and 3 T peak I(+1) disappears, peak I(0) has slightly moved
upwards in energy and a new peak II(�2) at 0.50(3) meV
appears. This peak moves further down with increasing field
and at 3.5 and at 4 T is merged with peak I(0) into one
broad peak. At 4.5 T the peak II(�2) becomes sharper again
and is at lower energy, and another peak I’(�1) at
0.19(4) meV appears. Peak I’(�1) and peak II(�2) seem to
cross between 5 and 6 T.


We fitted Gaussian curves to the observed peaks to get
their positions with a single FWHM for all peaks at the
same field.[40] Figure 14 shows a plot of the observed transi-
tion energies versus magnetic field, with the zero-field
energy position taken from the IN5 data. The black solid
line represents an isotropic calculation of the Zeeman split-
ting with g=1.96 of an S=1 and S=2 state set to the ener-
gies of 0.33 and 1.26 meV, respectively, obtained from the
INS measurements. The calculations support the interpreta-
tion that we observe the Zeeman splitting of the lowest trip-
let and quintet state, and that in this field range the ground
state changes from S=0 to S=1 at about 2.9 T.


EPR spectroscopy of 1, 2 and 6 : Compounds 1, 2 and 6 give
rich and temperature-dependent EPR spectra below 20 K.
The spectra of 1 and 2 are very similar and therefore we
only discuss our simulation of 2 in detail, with comparison
with 1 drawn where appropriate. For 1 the simulation re-
quires a range of D values to simulate all features, and
therefore the story is clearer for 2.


For 2, at both Q- and W-band, resonances are seen which
can be assigned to S=1 and S=2 excited states (Figures 15
and 16). At low field a peak increases in intensity as the
temperature is lowered, and this is assigned as the Dms=�
2 transition of a spin triplet state. Most of the remaining


Figure 13. INS spectra of 1 obtained on FOCUS (PSI) with li=5.5 T at
40 mK in magnetic fields between 0 and 6 T. The solid lines are guides to
the eye.


Figure 14. Field dependence of the measured energies for 1. The black
lines are the isotropically calculated Zeeman splitting of the first excited
triplet and the first excited quintet state.


Figure 15. Variable-temperature EPR spectra of a microcrystalline
sample of 2 recorded at Q-band (34 GHz) in eicosane.
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sharp features are due to a spin quintet state. Simulation of
these two states separately followed by addition gives a
good fit of the spectra (Figure 17). The simulation parame-


ters used were: for the S=1 state, gx=1.995, gy=1.980, gz=
1.970, DS=1=�0.088 meV, l=0.2 (E=�0.018 meV), with a
Gaussian linewidth (W) of 450 G; for the S=2 state, gx=
gy=1.976, gz=1.972, DS=2=0.017 meV, l=�0.04 (E=


�0.0007 meV) and B0
4=3.4V10�5 meV, with W=180 G. It


was necessary to include the B0
4 term to account for the in-


tensity of the highest field feature due to the spin quintet.
For 1 the lowest field feature, which is due to the S=1


state, is broadened. This implies a range of D values for the
S=1 state, and a simulation could be achieved by including
two S=1 states (in a ratio of 3:1), with subtly different ZFS
parameters. The major component has the parameters: gx=
gy=gz=1.97, DS=1 =0.078 meV, ES=1 =�0.027 meV, W=


300 G; while the minor component has gx=gy=gz=1.97,
DS=1 =0.084 meV, ES=1=�0.026 meV, W=500 G. The simu-
lation also required for the S=2 state, gx=gy=1.958, gz=
1.977, DS=2=0.017 meV, ES=2=0, B0


4=4.0V10�5 meV, W=


180 G.


Compared with the INS studies of the double horseshoe
1, it is clear that the ZFS for each spin state can be resolved
by EPR spectroscopy, whereas by INS only bands involving
the spin triplet show features due to ZFS. The D values
input to model the EPR spectra are for the individual spin
states rather than the single-ion ZFS terms used for INS. To
compare with the INS spectra, DS=1 is half the energy gap
between transitions Ia and Ib in Figure 10, which is mea-
sured by INS as 0.076 meV (see above). The value deter-
mined by EPR spectroscopy is therefore higher than that
determined by INS.


For 6 the EPR spectra are less well-resolved (Figure 18).
This is probably due to line-broadening due to dipolar ex-
change between the S=3/2 horseshoes in the dimeric struc-


ture. A sharp peak is seen for an S=1/2 excited state, with g
values of gxy=1.970 and gz=1.916. The resonances due to
the S=3/2 ground state are broad, and can be simulated
with: gx=1.94, gy=1.89, gz=1.96, DS=3/2=�0.042 meV, E=


0.010 meV. To compare with the INS data, DS=3/2 is half the
energy gap between transitions II and III in Figure 10 and
11, that is, 0.09 meV. Here the agreement is better than for
2.


Discussion


Correlation of structure and magnetic behaviour : The struc-
tures of the {Cr6} and {Cr7} horseshoes can be described as
fragments of the homometallic wheel [{CrF ACHTUNGTRENNUNG(O2CCMe3)2}8]
(7) missing two or one CrIII centres, respectively.[14] There is
very little change in the metric parameters between the
horseshoes and the wheels, for example, Cr···Cr distances
are all very similar at about 3.4 T. There is a very subtle
change in the average of the Cr···Cr···Cr angles, with this
being 1358 in 7 and 135.48 in 6, but slightly smaller at near
1338 in 1–5. Cr-F-Cr bridging angles and Cr�F distances are
also very similar for all seven compounds (Table 1). It is nor-
mally assumed that there is a correlation between structural


Figure 16. Variable-temperature EPR spectra of a microcrystalline
sample of 2 recorded at W-band (94 GHz) in eicosane.


Figure 17. Analysis of the Q-band EPR spectrum of 2. The simulation of
the S=1 and S=2 spin states and the sum of the S=1 and S=2 states
use parameters given in the text.


Figure 18. Experimental EPR spectrum for 6 at 5 K and Q-band
(34 GHz) and simulation of the S=3/2 and S=1/2 spin states and the
sum of the S=3/2 and S=1/2 states using parameters given in the text.
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parameters associated with the predominant superexchange
path and magnetic exchange; if this is the case here the ex-
change interaction in the chains and rings should also be
similar. This is not what we find. It is possible that there
could be a correlation with other structural parameters, but
given the complexity of the structures any such correlation
is likely to be coincidental.


The INS spectra of 7 could be modelled with a single ex-
change coupling constant J=�1.46 meV.[41] Similar values
for the Cr�Cr interaction have also been found for the het-
erometallic wheels with general formula [R2NH2]ACHTUNGTRENNUNG[Cr7MF8-
ACHTUNGTRENNUNG(O2CCMe3)16] with M=NiII (J=�1.46 meV), MnII (J=


�1.43 meV) and ZnII (J=�1.43 meV).[38] For 1 we found
that the internal coupling constant, JB=�1.4 meV; both the
exchange path and the coordination geometries of the CrIII


sites are identical to those in 7, and hence the exchange in-
teraction is very similar. However, the coupling at the ends
of the horseshoe (JA) is 20% smaller than JB. Qualitatively,
we could infer that the three terminal fluoride ions attached
to each CrIII ion at the tips of the horseshoe withdraw elec-
tron density from the CrIII sites, and hence weaken these in-
teractions. Curiously the INS spectra and magnetic data for
6 are best fitted with a single exchange parameter of J=


�1.18 meV, that is, similar to JA rather than JB. The single-
ion ZFS parameters for 1, D=�0.028 meV and jE j=
0.005 meV, and 6, D=�0.031 meV, are in good agreement
with the parameters found for 7 (D=�0.029 meV and jE j=
0.004 meV).[41] This agreement is perhaps coincidental; in 7
all CrIII sites are chemically equivalent, whereas in 1 and 6
the sites at the tips of the horseshoe have different coordi-
nation spheres to the CrIII sites within the horseshoe. Given
that we have derived D from the splitting of one excited
state in 1 and the ground state in 6 it is possible that we
have not been able to resolve different single-ion D values.


Measurements of the equivalent parameters from fitting
specific heat data,[42] in each case using only a single ex-
change parameter for all Cr···Cr interactions, give: for 1,


Jex=1.190 meV, DCr=�0.026 meV; for 6, Jex =1.172 meV,
DCr=�0.026 meV. These values are in good agreement with
the INS values.


Variations between structures : While the arrangements of
Cr and bridging atoms within the horseshoes is constant,
and even very similar between {Cr6} and {Cr7} horseshoes,
the arrangement of ammonium cations and hence the pack-
ing of horseshoes is very different within the six structures
described here.


The first consideration is to examine why the change from
{Cr6} to {Cr7} horseshoes when the secondary amine changes
from having linear alkyl chains to branched. If we compare
the four dimeric co-planar structures 1–3 and 6 there ap-
pears to be an interesting trend comparing where the nitro-
gen atom of the ammonium cation is relative to the Cr
atoms of the horseshoe. This can be quantified if we set an
edge to the horseshoe by imagining a line linking the outer-
most Cr centres, for example, Cr1 and Cr6 in Figure 1. For
2, in which the cation is Et2NH2, the N atom is 0.97 T from
the edge of the horseshoe. Moving to 1, in which we have
nPr2NH2 as cation, this same parameter is 0.84 T and in 3,
with nBu2NH2 the distance is down to 0.74 T. Therefore as
the alkyl group gets bigger, the cation moves towards the
edge of the horseshoe. For 6, in which there is a {Cr7} horse-
shoe, the cation is more contained within the anionic com-
plex—averaging 1.28 T from the “edge” defined by linking
the outermost Cr centres. However, if we imagined the
cation within a {Cr6} horseshoe, for example, by linking one
tip chromium (Cr1) with one Cr adjacent to a tip (Cr6) the
cation would be only 0.45 T from the edge. The change
from {Cr6} to {Cr7} therefore appears to be related to the
need to encapsulate a single ammonium cation within the
horseshoeUs cavity.


This analysis does not explain the formation of a {Cr7}
horseshoe in 4 in which the cation is NEt2H2. For 4 the N
atom is 2.23 T from the edge of the {Cr7} horseshoe, and


Table 1. Experimental data for X-ray diffraction studies of 1–6.


1 2 3 4 5 6


formula C136H284Cr12F22N6O44 C124H264Cr12F22N6O46 C160H320Cr12F22N6O42 C174H348Cr14F24N6O56 C224H466Cr24F44N12O90 C157H315Cr14F24N6O49


M 3749.70 3617.42 4042.22 4604.58 6852.08 4255.15
crystal system monoclinic monoclinic monoclinic triclinic triclinic monoclinic
space group P21/n P21/a P21/c P1̄ P1̄ P21/n
a [T] 19.7047(11) 20.179(3) 13.5117(5) 16.5837(9) 16.709(3) 27.106(2)
b [T] 25.7316(13) 19.7482(11) 19.9890(5) 19.5298(11) 23.500(5) 32.551(3)
c [T] 21.9000(11) 26.749(3) 42.9987(10) 21.0610(9) 25.771(5) 27.3129(19)
a [8] 90 90 90 84.139(4) 78.41(3) 90
b [8] 111.545(5) 110.523(13) 93.429(3) 81.387(4) 76.04(3) 93.509(6)
g [8] 90 90 90 81.203(4) 71.68(3) 90
V [T3] 10328.2(9) 9983(2) 11592.5(6) 6643.0(6) 9236(3) 24054(3)
T [K] 100(2) 100(2) 100(2) 100(2) 100(2) 100(2)
Z 2 2 2 1 1 4
m [mm�1] 0.685 0.707 0.614 0.625 0.631 0.683
unique data 10776 15931 12142 16130 21090 19021
data with
Fo>4s(Fo)


7245 7280 10670 8747 12547 10288


R1, wR2[a] 0.0957, 0.2810 0.0692, 0.2107 0.1717, 0.3643 0.0829, 0.2525 0.0943, 0.2743 0.0986, 0.3243


[a] R1 based on observed data, wR2 on all unique data.
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around 0.9 T from the edge of a {Cr6} fragment, that is, it is
in the same position with relation to six Cr ions in 4 as the
same cation is in the {Cr6} horseshoe in 2.


The tetrameric structure 5 is found for the smallest amine
used, and it seems likely that the structure could not form if
longer alkyl-chains were present on the cation. However,
this does not explain why the use of Me2NH2 leads to the
tetrameric structure rather than the dimeric structure. It
does not seem any more hydrogen bonds are formed in 5
compared with the other structures.


Taken together these results suggest that the {Crx} horse-
shoes could be used as hydrogen-bond acceptors to produce
more complex arrays. This is an area worth exploring in the
future.


Energy spectrum, rotational bands and spin excitations in
AFM chains : The greatest understanding of the elementary
excitations in molecular magnets comes from exact numeri-
cal diagonalisation studies. These have the drawback that
they are limited to systems with a rather small number of
spin centres, simply due to the computational power re-
quired to handle larger clusters. If insight into the physical
nature of elementary excitations could be developed it may
prove possible to develop theories which are more computa-
tionally inexpensive. In the following discussion we will
assume that the Heisenberg term is dominant and we will
ignore weaker effects, such as anisotropy, aiming to uncover
generic features due to the Heisenberg interactions. The
horseshoes studied in this work shall henceforth be de-
scribed as “perfect” finite chains, with the Hamiltonian
given in Equation (4).


h ¼ �J
XN�1


j¼1


ŜjŜjþ1 ð4Þ


This is reasonable as the variation of the coupling con-
stants and the ZFS terms are small perturbations (N is the
number of centres in the chain).


One general insight into Heisenberg spin clusters has
emerged in the recent years, which we will call the L&E-
band concept. It leads to a characteristic rotational-band
structure in the energy spectrum, if plotted as function of S.
The lowest energy level for every value of S falls into an ap-
proximately parabolic band, called the L-band,[25–29] while
the next-higher energy levels for every value of S form a
number of further approximately parabolic bands, which to-
gether are called the E-band (see Figure 19 for exam-
ple).[25,26] Still higher energy levels then form a quasi-contin-
uum of states. The L&E-band concept is further character-
ised by the selection rule that at low temperature almost all
INS transitions with significant intensities should occur
within the L- and E-bands, and should not involve the
quasi-continuum.[25]


When this picture applies, the problem of determining
magnetic properties is enormously simplified. First, the ener-
gies of the states within the L-band are proportional to


SACHTUNGTRENNUNG(S+1), and hence characterised by one value D, see Equa-
tion (5) in which the energy of the ground state was set to 0.


EðSÞ ¼ ðD=2ÞSðSþ 1Þ ð5Þ


The thermodynamic properties (magnetisation, magnetic
torque, specific heat) at low temperatures are largely deter-
mined by the L-band, and knowing D should be sufficient.
Second, the energies of the states within the E-band are also
proportional to SACHTUNGTRENNUNG(S+1), but shifted to higher energies, by in-
crements e(q) given by Equation (6), in which q is the
number of the different branches in the E-band.


EðS,qÞ ¼ ðD=2ÞSðSþ 1Þ þ eðqÞ ð6Þ


Furthermore, the above-mentioned selection rule applies,
which guarantees that the INS spectrum at low temperature
is governed by the L- and E-bands, that is, the few values D


and e(q). Obtaining reasonable estimates for D turns out to
be fairly easy; several approximates were suggested.[5,25–28,43]


For e(q), the situation is much more involved; very recently
spin-wave theory (SWT) was suggested.[25,30,44]


The L&E-band structure is currently believed to emerge
for systems with a “classical” spin structure.[25–27,45,46] A
system is “classical” if the NQel state (i.e., alternating “spin
up”/“spin down”) reflects well the spin structure in the
ground state (here we limit ourselves to bipartite systems,
such as even-numbered wheels or chains; for other cases the
situation is far from clear[44]). The L-band states are then
well approximated by wavefunctions of the form
jSA,SB,S,MSi, in which SA and SB are the total spins of the
two oppositely oriented sublattices (for 1: SA=SB=3VSj ;
for 6 : SA=4VSj, SB=3VSj). Physically, the excitations
within this band can be regarded as a combined rotation of
the total spins of each sublattice, a so-called rotation of the
NQel vector.[13,15,26, 27] States in which SA or SB is reduced by 1
from their respective maximum value are called the
E-band.[25] Physically, these states may be associated with
(discrete) spin waves.[13,15, 25,26]


The L&E-band concept seems to describe a larger class of
Heisenberg spin clusters, and is generic in this sense. The


Figure 19. Calculated isotropic energy spectra below 10 meV vs. total
spin S for a) 1 for S�3 and b) 6 for S�7/2. The black states in the
shaded regions constitute the L&E-bands. The grey states represent the
quasi-continuum.
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L-band is well documented for a number of molecular spin
clusters, such as the AFM wheels,[5,10,15, 25,43,47, 48] the modified
AFM wheels,[39,42, 49] the [3V3] grids,[13,50,51] the {Mo72Fe30}
cage[52] and other clusters. Observing the E-band directly is
possible only with INS, hence evidence is scarce; it is well
documented for the AFM wheels,[15] and the Mn-[3V3]
grid;[50] for {Mo72Fe30} evidence is also strong.[52,53] In addi-
tion, the SMM Mn12 seems to be characterised by a classical
spin structure.[54]


The linkage between L&E-band picture and “classical”
spin structure suggests the use of SWTs, which are semi-clas-
sical theories.[26] However, by construction SWTs are not ap-
propriate for small-spin clusters; they all start with the key
assumption of a long-range-ordered ground state, which in
small clusters is never obeyed. Efforts have been made to
overcome this deficiency, leading to the so-called finite-size
or modified SWTs, but the problem remains. Hence, al-
though successful in the case of extended systems, applying
SWTs to small clusters is questionable, and requires very
careful comparative studies. However, SWTs can be easily
applied to rather big systems, when it would be impossible
to treat the problem by matrix diagonalisation. Further-
more, in principle they can provide values for the parame-
ters D and e(q) of Equations (5) and (6).


Considering the above context, whether the L&E-band
concept could be applied to finite chains has been examined.
Examining the INS spectra for 1 we find that transitions I,
II and III correspond to transitions within the L-band, while
transitions V and VI are transitions from the L-band to the
E-band (see Figures 9 and 14). Similarly for 6 the transitions
II/III and IV are L-band transitions (transition II/III is split
into II and III due to ZFS), and transition V is a transition
from the L-band to the E-band. Hence, our studies 1)
extend the (short) list of systems in which spin waves
ACHTUNGTRENNUNG(=E-band) have been observed experimentally, and 2) con-
firm the L&E-band picture also for AFM finite chains. The
latter point is also demonstrated by the calculated energy
spectra shown in Figure 14.


We have previously discussed the spin-wave excitations V
and VI in 1 (see Figure 11),[30] and we could show that the
spin waves in finite chains are best described as standing
waves due to the open boundaries, compared to the periodic
boundary conditions in wheels, in which the spin waves are
running waves. In both the hexanuclear wheel and chain,
four different AFM spin-wave excitations are present, but in
the wheel they are essentially degenerate and give rise to
only one INS transition, while in the chain they are split
into two sets each of two quasi-degenerate states, hence
giving rise to two transitions in the INS spectrum (transi-
tions V and VI in 1). The splitting of otherwise degenerate
spin-wave states is a direct effect of the open-boundary con-
ditions. This has a neat analogy in chemistry, which actually
can be found in any chemistry textbook; it will be discussed
next.


Analogy of H8ckel molecular orbitals in benzene and hexa-
triene and spin waves in hexanuclear wheels and chains :


The analogy of the splitting of the spin-wave bands in 1 is
observed also in the molecule 1,3,5-hexatriene, in compari-
son to benzene. Figure 20 shows the energy spectra of ben-


zene and hexatriene, in the HFckel approximation. The case
of benzene is described in any textbook. The HFckel
method results in diagonalising a Hamiltonian matrix of the
form displayed in Figure 20, with matrix elements a and b.
In accord with the cyclic symmetry, the states have the sym-
metry labels a2u, e1g, e2u, and b2g in symmetry group D6h, or
q=0, �1/3p, �2/3p, p in symmetry group C6, respectively
(q is sort of a wave vector, which for q�0, p represents left
and right running waves of electronic charge density). Going
to hexatriene, the one missing bond breaks the cyclic sym-
metry, giving rise to open boundaries and a reduction of the
symmetry to C2v, and symmetry labels a2 and b1. The resul-
tant Hamiltonian matrix is shown in Figure 20 (in textbooks
often the similar case of butadiene is discussed). The main
effect of the reduced symmetry is of course to split the oth-
erwise degenerate states, that is, the e1g and e2u states. The
new states may be obtained by treating the missing bond in
first-order perturbation theory, which yields that the e1g


states split into j2/3pi�j�2/3pi and the e2u states into
j1/3pi� j�1/3pi. These are the linear and antilinear combi-
nations of left (q<0) and right (q>0) running waves, that
is, standing waves. Despite the large splitting, the first-order
treatment is actually rather good; the first-order result for
the splitting is only 17% too small. In a very similar way do
the otherwise degenerate spin-wave excitations split in
AFM chains.[30]


The analogy between the HFckel molecular orbitals and
the spin waves in Heisenberg clusters would be perfect for a
spin cluster with ferromagnetic exchange interactions. For
AFM spin clusters the situation is subtler because of reasons
too involved to be outlined here, hence resulting in a some-
what different energy spectrum (for AFM wheels, the four
states with q=�1/3p, �2/3p are essentially degenerate),


Figure 20. The molecular structure of benzene and hexatriene and their
respective energy levels as calculated by diagonalising the HFckel matri-
ces (bottom).
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but the mechanism of the splitting of the spin-wave bands is
correctly captured.


Conclusion


The results here show that both hexa- and heptanuclear
chromium chains can be made straightforwardly. The crys-
tallisation of these chains appears to be dependent on the
ammonium cation present, which influences where we see
mono-, di- or trimeric assemblies of horseshoes in the crys-
tal. We have determined the exchange couplings and the
single-ion anisotropy of representative examples of {Cr6}
and {Cr7} and observed the Zeeman splitting of the first ex-
cited states.


Experimental Section


The reagents were from Aldrich and used as received. Complexes were
prepared in Erlenmeyer Teflon


Y


FEP flasks (capacity 125 mL) supplied
by Fisher.


ACHTUNGTRENNUNG[{[nPr2NH2]3ACHTUNGTRENNUNG[Cr6F11ACHTUNGTRENNUNG(O2CCMe3)10]}2] (1): Pivalic acid (16.0 g, 157 mmol),
di-n-propylamine (2.25 g, 22 mmol) and CrF3·4H2O (5.0 g, 28 mmol)
were stirred together at 140 8C for 15 h in an open Teflon flask. After
cooling to room temperature, acetone (50 mL) was added to the solid
and it was stirred for 5 h. The solid was collected by filtration, washed
with acetone and dried in air. This product was extracted with diethyl
ether (75 mL). The obtained extract was filtered, diluted with MeCN
(30 mL) and stirred for 30 min. The resulting green microcrystalline prod-
uct was collected by filtration, washed with a large quantity of MeCN,
then thoroughly washed with acetone, and dried in air. Yield 6.1 g
(71.4%); elemental analysis calculated (%) for C136H280Cr12F22N6O42: Cr
16.80, C 43.99, H 7.60, N 2.26; found: Cr 16.87, C 43.92, H 7.39, N 2.25.
Suitable crystals for an X-ray structure study were obtained from a solu-
tion of pentane/acetone (2:1) by slow evaporation of the solvents at
room temperature over 3 d. Compound 1 was recrystallised from pen-
tane/acetone prior to the sample being used for INS studies.


ACHTUNGTRENNUNG[{[Et2NH2]3 ACHTUNGTRENNUNG[Cr6F11ACHTUNGTRENNUNG(O2CCMe3)10]}2] (2): Compound 2 was obtained by the
same procedure as for 1, but using diethylamine in place of di-n-propyl-
ACHTUNGTRENNUNGamine. Yield 6.4 g (78.40%); elemental analysis calculated (%) for
C124H256Cr12F22N6O42 : Cr 17.60, C 42.01, H 7.28, N 2.37; found: Cr 17.32,
C 42.27, H 7.52, N 2.42. X-ray quality single crystals were obtained from
a solution of THF/CH3CN (1:1) at room temperature after 2 d.


ACHTUNGTRENNUNG[{[nBu2NH2]3ACHTUNGTRENNUNG[Cr6F11ACHTUNGTRENNUNG(O2CCMe3)10]}2] (3): Compound 3 was obtained by
the same procedure as for 1, but using di-n-butylamine instead of diethyl-
amine. However an additional extraction of the initial solid was per-
formed. The first extraction was performed with diethyl ether (2V75 mL)
and the resulting solution was evaporated to dryness to give a green
product that was washed with acetone and dried in air to yield 2.3 g of
powder. Elemental analysis calculated (%) for C148H300Cr12F22N6O40: Cr
16.22, C 46.22, H 7.86, N 2.19; found: Cr 16.04, C 45.88, H 8.10, N 2.07.
Suitable crystals for an X-ray structure study (reported here) were ob-
tained from a solution of hexane/toluene by slow evaporation of the sol-
vent at room temperature.


A second extraction of the original precipitate was performed using a
mixture of 2:1 THF/toluene (150 mL) at 50–60 8C. Concentration of this
extract by evaporation gave 3.2 g of crystalline product, including crystals
suitable for X-ray study, which confirmed the same structure as found for
the product from Et2O extract. Elemental analysis calculated (%) for
C148H300Cr12F22N6O40: Cr 16.22, C 46.22, H 7.86, N 2.19; found (for the
sample dried in vacuo): Cr 15.89, C 45.83, H 8.42, N 2.01. Overall yield:
5.5 g (62%).


ACHTUNGTRENNUNG[{[Me2NH2]3 ACHTUNGTRENNUNG[Cr6F11 ACHTUNGTRENNUNG(O2CCMe3)10]·2.5 H2O}4] (5): Pivalic acid (16.0 g,
157 mmol), dimethylammonium dimethylcarbamate (1.34 g, 10 mmol, as
source of the dimethylammonium cation) and CrF3·4H2O (5.0 g,
28 mmol) were stirred together at 140 8C for 30 h. After cooling to room
temperature, diethyl ether (20 mL) and acetone (50 mL) were added and
the solution was stirred for 5 h. Then it was filtered and the filtrate dilut-
ed with MeCN (70 mL) and stirred for 3 d. The precipitate that formed
during this time was collected by filtration, washed with a large amount
of MeCN and then extracted into Et2O (20 mL). The extract was diluted
with MeCN (30 mL) and stirred for 30 min. The green solid that precipi-
tated was collected by filtration, washed with a large amount of MeCN
and with acetone (10 mL), and dried in air. Yield 0.32 g (2.0%); elemen-
tal analysis calculated (%) for C224H476Cr24F44N12O90 : Cr 18.19, C 39.21,
H 6.99, N 2.45; found: Cr 17.71, C 38.73, H 7.12, N 2.27. Suitable crystals
for X-ray studies were obtained from a solution of ethyl acetate/acetoni-
trile (1:1) at room temperature after 1 d.


ACHTUNGTRENNUNG[{[iPr2NH2]3 ACHTUNGTRENNUNG[Cr7F12ACHTUNGTRENNUNG(O2CCMe3)12]}2] (6): Pivalic acid (16.0 g, 157 mmol),
diisopropylamine (2.0 g, 22 mmol) and CrF3·4H2O (5.0 g, 28 mmol) were
stirred together at 140 8C for 18 h. The green viscous mass which resulted
was heated at 100 8C for 5 h under a N2 flow to remove unreacted pivalic
acid. After cooling to room temperature, acetone (50 mL) was added to
the solid and it was stirred for 5 h. The remaining precipitate was collect-
ed by filtration and washed with a large amount of acetone and dried in
air. This product was extracted into diethyl ether (75 mL), the solvent
was evaporated and the residue washed with acetone and dried on air.
Yield 1.7 g (20.20%); elemental analysis calculated (%) for
C156H316Cr14F24N6O50 : Cr 17.09, C 43.98, H 7.48, N 1.97; found: Cr 16.83,
C 44.31, H 7.71, N 2.13. X-ray quality single crystals could be obtained
by crystallisation from pentane/acetone, Et2O/acetone or toluene/
CH3CN. Here we report the structure of the crystals from pentane/ace-
tone, which is also the sample used for INS studies. Elemental analysis
calculated (%) for C156H316Cr14F24N6O50 : Cr 17.09, C 43.98, H 7.48, N
1.97, F 10.70; found: Cr 17.15, C 43.99, H 7.44, N 1.86, F 10.81.


X-ray studies : Data were collected on Bruker SMART CCD diffractome-
ter (MoKa, l=0.71073 T except 2 for which l =0.6892 T was used). In all
cases the selected crystals were mounted on the tip of a glass pin using
Paratone-N oil and placed in the cold flow produced with an Oxford Cry-
ocooling device.[55] Complete hemispheres of data were collected using
w-scans (0.38, 30 seconds/frame). Integrated intensities were obtained
with SAINT+ [56] and they were corrected for absorption using
SADABS.[56] Structure solution and refinement was performed with the
SHELX-package.[56] The structures were solved by direct methods and
completed by iterative cycles of DF syntheses and full-matrix least-
squares refinement against F.


CCDC-676802 (1), -676803 (2), -676804 (3), -676805 (4), -676806 (5) and
-676807 (6) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Magnetic measurements : Magnetic measurements were performed in the
temperature range 1.8–300 K, by using a Quantum Design MPMS-XL
SQUID magnetometer equipped with a 7 T magnet. The diamagnetic
corrections for the compounds were estimated using PascalUs constants,
and magnetic data were corrected for diamagnetic contributions of the
sample holder.


Inelastic neutron scattering (INS) measurements : The following instru-
ments were used for the INS experiments: the direct geometry time-of-
flight (TOF) spectrometer IN5 at the Institut Laue-Langevin (ILL), Gre-
noble (France), the inverted geometry TOF spectrometer IRIS at the
ISIS facility, CCLRC Rutherford Appleton Laboratory, Didcot (UK),
and the direct TOF spectrometer FOCUS at the Paul Scherrer Institut
(PSI), Villigen (Switzerland).


For the INS experiment on IN5, approximately 4 g of non-deuterated
polycrystalline sample were filled into an aluminium cylinder with outer
diameter 14 mm and height 55 mm in a helium atmosphere. Measure-
ments were performed with an initial neutron wavelength of li=3.0 T at
1.7 K and 3.8 T at 1.6, 9.5 and 20 K. The elastic resolution {full-width-
half-maximum (FWHM)} was 0.4 and 0.17 meV, respectively. The experi-
mental temperatures were achieved with a 4He-Orange ILL cryostat. For
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the TOF to energy conversion and the data reduction the ILL program
INX was used.


For the IRIS experiment approximately 2 g of non-deuterated polycrys-
talline sample were sealed under helium in a hollow aluminium cylinder
with 24 mm outer diameter, 1 mm sample space, and 50 mm height. The
final neutron wavelength of lf=6.66 T was selected with the (002) reflec-
tion of a pyrolytic graphite analyser, yielding a resolution at the elastic
line of 17.5 meV. A 4He-Orange cryostat was employed to reach the ex-
perimental temperatures of 1.5 and 10 K. A spectrum of vanadium metal
was used to correct for detector efficiency and spurious instrumental
peaks.


The FOCUS experiment was performed on approximately 4 g of non-
deuterated polycrystalline sample, sealed under helium in a copper cylin-
der of 14 mm outer diameter and 50 mm height. The initial neutron
wavelength was li=5.5 T. An Oxford Instruments Kelvinox 3He/4He di-
lution insert was used inside a 9 T Oxford Instruments cryomagnet. A
base temperature of 40 mK was achieved, and a maximum field of 6 T
could be applied vertically. Due to the smaller window of the cryomagnet
only the middle of three detector banks could be used.


EPR measurements : EPR spectra were measured on powders at 34 GHz
(Q-band) on a Bruker ESP 300E spectrometer and 90 GHz (W-band) on
a Bruker E690 CW spectrometer. EPR simulations were performed using
the program EPR-SIM.[57]
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A Case of anti Carbolithiation of Alkynes Resulting from Intramolecular
Lithium Coordination
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Introduction


A previous experimental study showed that the halogen–
lithium exchange that takes place at low temperature on
propargylic acetal 1, or its allenyl isomer 1b, triggers a het-
erocyclization and yields 3-vinylbenzofurane 5 in good yield


and with good-to-total E control of the lateral double
bond.[1] It was proposed in the case of 1 that this reaction
relies on an anionic cascade that begins with a 5-exo-dig in-
tramolecular nucleophilic addition of aryllithium 2 on the
triple bond. The vinyllithium 3, which is expected to result
from a syn addition,[2] would then undergo a b-elimination
of lithium ethylate to provide the exocyclic allene 4. Finally,
this latter product can isomerize into the 3-vinylbenzofurane
5 (Scheme 1). This rapid reaction prohibits the characteriza-
tion of the intermediates and it explains the speculative
character of the proposed mechanism. The details of the
cyclization process for allene 2b were not discussed. An in-
tramolecular addition of the aryllithium on the central
carbon of the allenic appendage, directly followed by an
elimination of lithium ethoxide was expected (Scheme 1).


We thus decided to undertake an experimental and theo-
retical study to separately detail the cyclization and elimina-
tion steps, in view of the determination of the structure of
the different intermediates, the activation energies, and the
origin of the E control over the double bond formation.
Beyond the particular case of this heterocyclization, the car-


Abstract: The mechanism of the intra-
molecular carbolithiation of lithiated
propargylic ether 2 has been investigat-
ed both experimentally and theoretical-
ly. The results show that the action of
one equivalent of n-butyllithium on 1 is
sufficient to trigger halogen–lithium ex-
change and the subsequent heterocycli-
zation step. Interestingly, the reaction
stops at the stage of dihydrobenzofuran
6 ; no spontaneous elimination of lithi-
um ethylate was observed. The fact
that the E configuration of this adduct
was exclusively produced suggests that
the reaction proceeds by following an
unprecedented anti addition on the
alkyne. According to DFT calculations,


this unexpected outcome is related to
the intramolecular coordination of the
lithium by one oxygen atom of the ter-
minal acetal appendage: the O–Li in-
teraction, which persists all along the
ring-closure process, drives the cation
to the E site of the final olefin. The cal-
culations also show that in the absence
of this coordination (as in conformers
B and C of acetal 2), the Z olefin that
results from a classical syn addition of


the aryllithium should be obtained.
The experiments were repeated with
allene 1d. In this case, one equivalent
of n-butyllithium suffices to trigger not
only the exchange and the cyclization,
but also the final elimination of lithium
ethoxide. The DFT results indicate that
the intramolecular addition of the orig-
inal aryllithium on the central carbon
atom of the allene 2b yields the ex-
pected benzofuran skeleton 3b, which
bears a lithiated lateral chain at the 3-
position. Both cyclizations go through
low-lying transition states, as is expect-
ed for rapid reactions at low tempera-
ture.
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bometallation reaction is the object of a sustained interest,
and important papers and reviews that describe its applica-
tions in synthesis have been published recently.[3]


Let us first discuss the case of alkyne 1. Intramolecular
carbolithiations of triple bonds that are associated with b-
eliminations have been observed in other situations. In par-
ticular, Bailey and Aspris have reported a comparable phe-
nomenon with propargylic ethers (Scheme 2).[4] In this case,


however, no migration of the double bond was observed,
and exocyclic allenes were efficiently recovered. This intri-
guing difference in behavior, which might be related to the
mobility of the a proton, to the syn/anti character of the
lithium methoxide elimination, or to the recovery of the aro-
maticity upon rearrangement was also worth investigating.


The analysis of the cascade that is reported in Scheme 1
has been restricted to the cyclization, elimination, and
proton-transfer steps. The theory underlying the halogen–
lithium exchange process has been extensively examined re-
cently,[5] and is not considered in this paper. In contrast, the-
oretical studies that are devoted to the carbometallation re-
action are relatively scarce. Two early ab initio Hartree–
Fock (HF) studies that were published by Nakamura and
colleagues underlined the importance of the metal–multiple
bond interaction in the course of the reaction between
methyllithium and cyclopropene[6] or acetylene.[7] In parallel,
papers by Bailey and co-workers described the key inter-
mediates along the intramolecular cyclization of 5-hexen-1-
yllithium (at the HF level)[8] and of a styrene derivative (at
the DFT-B3LYP level).[9] In both cases, a double bond–lithi-
um interaction is shown to play an important role in the or-
ganization of the transition state, at least in the absence of
explicit solvent molecules.


Our own study was first con-
ducted on the aryllithium 2,
which was unsolvated and then
solvated by two discrete solvent
molecules (diethyl ether or
THF). The case of solvated al-
lenyllithium 2b was considered
separately. In this first paper,
we focus on the details of the
carbolithiation step, the elimi-
nation is fully described in a
paper that is currently in prepa-
ration.


Computational details : The size
of the systems that are considered led us to restrict our com-
putations to the DFT level. The B3P86 functional and 6–
31G** basis set, which behave satisfactorily in related situa-
tions[10] were retained. All the calculations were performed
by using the Jaguar 5.0 software.[11] The energy given for the
minima of the solvated systems include the zero-point
energy corrections (ZPE). The transition states were ob-
tained by relaxed potential energy surface (PES) scans, then
fully optimized and characterized by frequency calculations.
Our previous results in the field[10a] suggest that the basis set
superposition error (BSSE) can be ignored in these cases.
The electron localization function (ELF) relies on a topolog-
ical approach of the chemical bond that is described in origi-
nal articles by Savin, Silvi et al.[12] We[13] and others[14] have
shown in previous works that this tool can help to determine
the bonding scheme in systems that present ill-defined va-
lences, such as noncovalent organolithium aggregates.
Therefore, we thought that such an electron distribution,
which implicitly takes into account the superposition of the
resonance forms could provide useful information on the
electron reorganization that is induced by the rearrange-
ment of the intermediates. In the ELF figures presented
hereafter, the color code characterizes the cores (magenta),
the monosynaptic (red) and disynaptic (green) valence
basins, and the hydrogens (blue).


Results and Discussion


Experimental investigation : We first checked experimentally
if a single equivalent of n-butyllithium could prompt the
heterocyclization and give access to the putative vinyllithi-
um intermediate. The original experiments in THF had
clearly shown that a significant excess of n-butyllithium
(3.3 equiv) was required to obtain benzofuran 5 in decent
yields. With respect to the previous procedure, the iodoaryl
1 was conveniently replaced by the more stable bromoaryl
1c. This latter compound was treated with exactly one
equivalent of n-butyllithium at �78 8C in THF (Scheme 3).
To our delight, quenching the medium with water led to the
ethylidenic dihydrobenzofuran 6 in 88% yield.[15] The
1H NMR spectrum of this compound, when recorded in


Scheme 1. Putative mechanisms for the anionic heterocyclization of propargylic 1 or allenic 1b acetal in benzo-
furan 5.


Scheme 2. Anionic heterocyclization of propargylic ethers in exocyclic al-
lenes.[4] KHMDS=potassium hexamethyl disilazide.
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CDCl3, was relatively puzzling. The fortuitous superposition
of the vinylic signals and that of the acetal explains that 6
could easily be mistaken for aromatic 7, and its unambigu-
ous identification required the recording of the spectrum in
[D6]benzene. NOE experiments that were run in this solvent
showed that 6 was obtained as the E isomer exclusively,
which is a result that was completely unexpected for the car-
bolithiation of an alkyne.[16] Isolating 6 also demonstrated
that the intermediate 3 (E, Scheme 1) was not necessarily
undergoing a b-elimination step in THF. This contrasts with
our previous results that were obtained with lithioallenes[17]


and is in complete discrepancy with the mechanism that is
proposed in Scheme 1.


Attempts to treat 3 with various electrophiles (PhCHO,
MeI, PhCH2Br, TMSCl) have remained unsuccessful, where-
as quenching the medium with EtOD led to 34% deuterat-
ed 6. We thought that this mediocre reactivity could be due
to an early protonation of 3 by an unexpected source of pro-
tons in the medium. We thus tried to replace one equivalent
of n-butyllithium by two equivalents of tert-butyllithium to
avoid the in-situ formation of n-butylbromide;[18] however,
the chemical yield and the deuteration level remained prac-
tically unchanged. Repeating the experiment in freshly dis-
tilled [D8]THF instead of regular THF did not trigger a
deuteration; this excludes the participation of the solvent.
This low reactivity could be related to the formation of
bulky and relatively inert aggregates of 3 in THF. Vinyllithi-
um is known to form tetramers and dimers in an 8:1 ratio at
�90 8C in this solvent,[19] and this compact organization is
most probably reinforced in the case of 3 by the intramolec-
ular coordination that is imposed by the oxygen atoms of
the acetal appendage. However, the literature suggests that
vinyllithiums that result from the carbolithiation of a triple
bond could be efficiently trapped by electrophiles.[20] We
thus tried to adapt our conditions to those that are described
in the corresponding papers, but disappointing results were
obtained when warming the reaction medium and when
adding one equivalent (with respect to n-butyllithium) of
hexamethylphosphoramide (HMPA) or lithium bromide to
the reagents (good yields, low deuteration). Repeating the
deuteration experiment in diethyl ether at �78 8C led to di-
hydrobenzofuran 6 in only 12% yield (which was not im-
proved by using two equivalents of n-butyllithium), but with
78% label incorporation (Scheme 3). The rest consisted of
ether 7, of which the labeling ratio was not determined.
Note that the latter yield could be enhanced by increasing
the temperature (up to �50 8C or even room temperature);


however, the product was con-
taminated by several unidenti-
fied side products, even when
quenching the reaction after a
few minutes at �50 8C.


The fact that 6 was recovered
as the geometrically pure E
isomer remained very surprising
because the acetal group, in
contrast to a silyl or phenyl


moiety,[21] can hardly be considered to be a stabilizing entity
that is capable of triggering the post-cyclization isomeriza-
tion of a double bond. Furthermore, the isomerizations that
have been reported in literature occurred at room tempera-
ture, whereas the experiment that is reported here was
maintained at �78 8C until the final quench. The origin of
this puzzling phenomenon, which suggests a possible anti
carbolithiation of the alkyne is difficult to determine on ex-
perimental bases. We thus decided to pursue the investiga-
tion by theoretical means and we were nicely rewarded.


Theoretical examination of the unsolvated propargylic
acetal 2 : Because of the relatively large size of the system
and the long computational runs that are often associated
with the shallow potential surfaces of the organolithium spe-
cies, the study was first conducted without taking the solvent
into account, either implicitly by using a continuum tech-
nique[22] or explicitly by taking into account a discrete
number of solvent molecules to simulate the solvation first
shell.[23] The optimization of the starting aryllithium deriva-
tive was performed first. Two local minima were identified,
one of which was more stable by 12.8 kcalmol�1 (Figure 1).
The interconversion pathway between these conformers was
not studied because of this large energy difference. In the
more-stable situation, the lithium cation is tricoordinated by
CAr, one of the oxygen atoms of the acetal moiety (d(Li�
Oacetal)=2.0 N), and by the C�C bond (dACHTUNGTRENNUNG(C1�Li)�2.40 and
dACHTUNGTRENNUNG(C2�Li)�2.30 N). The less-stable conformer exhibits a lith-
ium atom that is dicoordinated by CAr and the oxygen atom
of the ether. Note that the more stable arrangement (E=


�700.2021 u.a.) also brings the nucleophilic carbon atom,
CAr to within a favorably short distance of the acetylenic
carbon atom (3.02 N). When the distance between CAr and
C1, which is taken as the reaction coordinate, was shortened,
the energy increased, and the system reached a transition
state in which the five-membered heterocycle is preformed.
At this stage, the lithium cation is coordinated by the aro-
matic carbon, C1 and the original oxygen atom. The corre-
sponding activation energy was found to be 3.8 kcalmol�1.
Pursuing the C�C bond formation leads to the expected
benzofuranic structure that exhibits an exocyclic E double
bond (d ACHTUNGTRENNUNG(C1�C2)=1.36 N), in accord with the experimental
data. Interestingly, the lithium cation lies out of the aromat-
ic plane and remains coordinated to the acetal oxygen atom.
It was confirmed that this corresponded to a true local mini-
mum (no negative frequency) by performing the calculations
with Jaguar 5.0 as well as Gaussian 98.[24] Additionally, a


Scheme 3. Cyclization of propargylic ether 1c under the influence of nBuLi. Conditions A: i) 1.0 equiv nBuLi/
THF, �78 8C; ii) H2O or EtOD. Conditions B: i) 1.0 equiv nBuLi/Et2O, �78 8C; ii) EtOD.
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lone pair that was localized on C2 and oriented within the
aromatic plane anti to the newly formed C�C bond could be
visualized by resorting to an ELF (see Computational De-
tails) analysis (Figure 1). The highly ionic character of the
C�Li bond in vinyllithium[10c] explains this spectacular lack
of directionality.[25] Thus, it seems that the O–Li intramolec-
ular coordination keeps the cation out of the vinyl plane,
and is responsible for the final E configuration of the
double bond in 6Li.


Justifying such surprising results required pursuing our in-
vestigation on a model that is as realistic as possible. We
thus included the solvent in our calculations because: 1) no
transition state that links unsolvated 6Li to more advanced
intermediates along the elimination process could be located
and 2) the above results suggest that the lithium coordina-
tion can exert a strong influence on the course of the reac-
tion. To avoid possible artifacts, we preferred to incorporate
discrete solvent molecules (THF or diethyl ether).[1] In con-
sideration of the experimental results that show that the cyc-
lization is difficult in diethyl ether, we considered the solva-
tion by both THF and diethyl ether to better understand the
origin of the detrimental influence of the latter solvent. We
did not replace diethyl ether by the smaller dimethyl ether
to keep the full steric effect of the ethyl groups.[23a]


Solvated system: effect of the solvent on the orientation of
the lateral chain of 2 : Our previous experience with the
computational treatment of solvated organolithium species
prompted us to incorporate explicit solvent molecules rather
than to apply the polarizable dielectric field that is imposed
by a continuum model.[23b,26] We first considered the influ-
ence of the two solvents on the two local minima of 2 that
are described above (Figure 1). The solvation of the lithium


cation is relatively variable, the tri- and tetracoordinations
are most frequently encountered. We privileged a tetracoor-
dination and chose to add two solvent molecules to the
system, the other ligands were CAr or C2, and either one of
the oxygen atoms of the acetal appendage, the oxygen atom
of the ether tether, or the triple bond. This led to two fami-
lies of conformers (folded/unfolded) in each solvent that
were independently reoptimized. The results that are pre-
sented in Table 1 show that reasoning on the sole conforma-
tions cannot account for the observed results: the more
stable folded conformer is preferred over the stretched one
both in THF and diethyl ether. However, the energy gap be-
tween the conformers is five times smaller in diethyl ether,
which suggests that the hard-to-cyclize stretched arrange-
ment becomes somewhat competitive in this solvent. This is
likely to slow the reaction, as was observed experimentally.


Conformers of propargylic acetal 2 in THF : On the basis of
the experimental data, THF was the sole solvent to be con-
sidered in the following. The full optimization of the solvat-
ed folded conformer of 2 indicated that three local minima
that correspond to the three staggered arrangements of the
acetal group lie within less than 3 kcalmol�1 of each other
(Figure 2).


Interestingly, in the overall more stable C conformer that
is considered above, the lithium atom does not lie in the
phenyl plane but remains connected to the CAr atom. The
coordination sphere is completed by the triple bond and the
two THF molecules, and leaves the acetal oxygen atoms in
an “anti” arrangement. A similar chelation pattern is found
for conformer B. In these two situations, the lithium atom is
coordinated to the two oxygen atoms of the THF molecules,
and undergoes p-binding[27] with the triple bond. Thus, the


Figure 1. Energy profile for the cyclization of the unsolvated propargylic acetal 2. The localization domains of the ELF representation corresponds to
h(r)=0.75.
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Li–Oacetal distance is significantly increased with respect to
the nonsolvated situation by the introduction of the two
THF molecules (d(Li�Oacetal)=3.19 and 3.84 N in conformer
B and C, respectively). In contrast, for conformer A, the Li–
Oacetal coordination is unchanged (d(Li�Oacetal)=2.16 N) and
the lithium atom is surrounded by three oxygen atoms, and
CAr (dACHTUNGTRENNUNG(Li�C1)=2.82 N cannot be considered to be a coordi-
nation anymore). The measurement of the dihedral angles
shows, however, that the lithium atom is not in a regular tet-
rahedral surrounding. The zero-point energy (ZPE) calcula-
tions that were run for the three conformers A–C led to rel-
atively small values; this reflects the somewhat rigid organi-
zation of the molecule. After ZPE correction, the relative
order of stability is unaltered, but the energy differences be-
tween A, B, and C decrease (Figure 2).


Before considering the reaction profile, we examined the
energy barriers that separate the three conformers in an at-
tempt to identify the proper limiting step of the transforma-
tion. Thus, a rotation of the C2�Cacetal bond has been im-
posed on conformer A to scan the corresponding potential


energy surfaces (PES). The
highest barrier that was located
by this technique lies at about
4.4 kcalmol�1 above the ground
state. This relatively low value
suggests that the acetal group
rotates almost freely around the
propargyl axis, and the inter-
conversion between the con-
formers cannot be regarded as
the limiting step of the reaction.
Therefore, the three conformers
had to be considered for the
rest of the work.


Cyclization of propargylic
acetal 2 : The study of the cycli-
zation was undertaken accord-
ing to the approach that is de-
scribed above for conformers
A–C. When the CAr�C1 bond
length is decreased, the system
goes through a transition state


in the three cases (checked by frequency calculations) in
which the coordination of the lithium atom is only slightly
altered: a strong Li–Oacetal coordination is observed in situa-
tion A, whereas a Li–C2 “bonding” appears in the transition
state of B and C (Figure 3). Comparing the CAr�C1 bond


lengths in the three TSs suggests that a relatively early tran-
sition state is reached in A, whereas the transition state is
later in C and B (d ACHTUNGTRENNUNG(CAr�C1)=2.74, 2.38, 2.33 N, respective-
ly). The activation barriers (ca. 8 to 12 kcalmol�1) are signif-
icantly higher than in the unsolvated situation (3.8 kcal
mol�1). The lowest one is associated with the less-stable con-
former A, whereas the barriers for B and C are of compara-
ble heights. This particularity confines the three transitions
states in a narrow energy range, and thus the three arrange-
ments are considered in the next step of the study. The ZPE
corrections are comparable for the three transition states,
and do not change the relative stability order.


Table 1. The DFT-optimized minima of the two conformers of disolvated 2, their absolute (E), and ZPE-cor-
rected (Ecorr) energies. The relative energies are given in parenthesis.


THF Diethyl ether


conformer energy conformer energy


E=�1166.6050 a.u.
ZPE=310.5 kcalmol�1


Ecorr=�1166.1102 a.u
(5.5 kcalmol�1)


E=�1169.0979 a.u.
ZPE=336.4 kcalmol�1


Ecorr=�1168.5618 a.u.
(1.1 kcalmol�1)


unfolded unfolded


E=�1166.6130 a.u.
ZPE=310.0 kcalmol�1


Ecorr=�1166.1190 a.u. (0.0 kcalmol�1)


E=�1169.0965 a.u.
ZPE=334.4 kcalmol�1


Ecorr=�1168.5636 a.u.
(0.0 kcalmol�1)


folded folded


Figure 2. Three conformers of acetal 2 that are solvated by two THF,
their absolute (E), ZPE-corrected (Ecorr) and relative energies (in paren-
thesis).


Figure 3. Transition states between conformers of acetal 2 that are solvat-
ed by two THF, and cyclized product 3, the absolute (E) and corrected
(Ecorr) energies, the activation barriers (E�), and the difference between
the activation barriers (dE�; in parentheses).
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Pursuing the potential energy scan to completion led to
three structures, which were then fully optimized. As ex-
pected, a benzofuran nucleus that featured an exocyclic
double bond was obtained in the three cases (Figure 4).
Note that A features an E double bond (in full agreement
with the experimental data, vide supra) whereas conformers
B and C exhibit a Z double bond. In A, the flexible interac-
tions between the lithium atom and C2 plus the Oacetal atoms
keep the cation in a tetracoordinated state and �308 outside


the plane of the heterocycle and of the double bond (CAr�
C1�C2�Li=2118 and C1�C2�Li=1488). Running a ELF
analysis shows that the electronic doublet, which is still con-
sidered to be a lone pair (red),[10c] is located between the C2


and the lithium atoms. In both conformers B and C, a simi-
larly atypical vinyllithium moiety is obtained: the metal re-
mains out of the heterocyclic plane (CAr�C1�C2�Li=346
and 3378, respectively), with C1�C2�Li=118 and 1128, and
the lithium atom is tricoordinated. The ELF analysis for B
and C confirms these points. Further, the three products lie
in a 6.3 kcalmol�1 range, which is decreased to 2.7 kcalmol�1


when the ZPE is taken into account. Interestingly, this cor-
rection changes the relative stability order: it renders the
two lowest conformers A and C quasi-isoenergetic. In the
three situations A, B, and C, the reaction is similarly exo-
thermic (in the 50 kcalmol�1 range).


The data that are obtained by the theoretical treatment of
the cyclization can be summarized, see Figure 5. This graphi-
cal representation demonstrates that the three possibilities
remain competitive. However, as mentioned above, only
process A affords an E vinyllithium, which is in agreement
with the experimental observations that are presented
below.


The intriguing feature of the cyclization is the E selectivi-
ty that is associated with the cyclization of A. To get a
deeper insight into this process, snapshots of the system
during its evolution along the PES, which results from the
CAr�C1 shortening are provided in Figure 6. Step I shows the
situation about 0.1 N after the TS. It indicates that the
dCAr�Li increases and the lithium “slides” more or less parallel
to the phenyl plane. The resulting acetal coordination forces


Figure 4. Optimized products 3, the absolute (E), ZPE-corrected (Ecorr)
and condensation energies (Econd=E��Ecorr), as well as the energy differ-
ences between conformers/isomers (dE, in parenthesis). The localization
domains of the ELF representation (bottom) correspond to h(r)=0.75.


Figure 5. Overall energy characteristics of the three cyclization routes (A left, B middle, C right).
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the double bond to adopt an E configuration, and the lone
pair is already localized on the C2 atom, whereas a valence
basin appears between CAr and C1. In step II, the CAr�C1


bond is reinforced and the lithium atom continues its move-
ment parallel to the newly formed benzofuran nucleus. This
goes on during step III, the acetal group pivots to accompa-
ny the lithium atom. At step IV, an intermediate that is
close to the cyclization product is obtained in which the E
double bond is formed, and the C2�Li bond length has
reached its final value.


Thus, it seems that the robust Li–Oacetal coordination in A
controls the configuration of the double bond. Therefore,
our calculations suggest that the unprecedented anti charac-
ter of this carbolithiation[2c] can
be explained by the strong in-
tramolecular coordination,
which derails the reaction from
its usual course.


Cyclization of allenyl isomer
1d : The previous study had evi-
denced the facile cyclization of
allene 1b (Scheme 1) in reac-
tion conditions that were comparable to those that were em-
ployed for 1 (Scheme 1). The yield of this step was good
(85% instead of 62% for 1) but the selectivity was slightly
diminished (E/Z=86:14 instead of 100:0). A complementary
experiment was thus performed to check that the cyclization
takes place if only one equivalent of n-butyllithium is added
to the allene. Bromoallene 1d, which was prepared from 1c
according to a simple and quantitative isomerization proce-
dure was used instead of iodoallene 1b. When performed at
�78 8C in THF, the cyclization reaction led to a quantitative
transformation of 1d into 5 as a 86:14 E/Z mixture
(Scheme 4).


It is noteworthy that 1d does not require an excess of n-
butyllithium to trigger the final elimination; this indicates
that this step follows a different mechanism.


We first carried out a full optimization of the structure of
2b (Scheme 1) that was solvated by two explicit molecules


of THF. Interestingly, the allen-
yl lateral chain adopts mainly
one conformation (except for
meaningless local minima that
are due to rotations of the
acetal) in which the large dis-
tances between the lithium
atom and the oxygen atoms of
the acetal group forbid all Li–
OMe interactions (Li�O=6.1
and 5.8 N, Figure 7). When the
distance between CAr and C1,
which was taken as before as
the reaction coordinate to scan
the PES was shortened, the
system reached a transition
state for CAr�C1=3.0 N. At this


stage, the allene undergoes a twisting of the double bonds
(the three sp2 carbon atoms are misaligned, C2�C1�C3=


1678). The corresponding activation energy was found to be
2.5 kcalmol�1, compared to the 8–12 kcalmol�1 that was cal-
culated for the cyclization of 2 (Figure 6). This low barrier
can explain the good yields that were obtained experimen-
tally. Pursuing the C�C bond shortening leads to the expect-
ed benzofuran 3b, which bears a lithiated lateral chain at
the 3-position (Figure 7). This ring closing is an exothermic
process (�48.8 kcalmol�1), which is slightly larger than that
calculated for 2!3 (�38.7 to �42.8 kcalmol�1).


Note that the lateral chain of benzofuran 3b is an alkyl-
lithium, whereas it is a vinyllithium in 3. One can thus


Figure 7. Energy diagram for the cyclization of allene 2b. Ecorr refers to
the absolute energy of the compounds after ZPE corrections (in a.u.).
The relative energies on the diagram are in kcalmol�1.


Figure 6. Four snapshots along the PES of the A cyclization process.


Scheme 4. Cyclization of allene 1d under the influence of 1.0 equiv of nBuLi.
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expect that the mechanism of the final b-elimination will be
quite different from that involving 3. These two routes will
be detailed in a forthcoming article.


Conclusion


This paper details the mechanism of the intramolecular car-
bolithiation of lithiated propargylic ether 2. The experimen-
tal results show that one equivalent of n-butyllithium trig-
gers the halogen–lithium exchange and the subsequent het-
erocyclization step to afford a dihydrobenzofuran nucleus
that bears an exocyclic vinyllithium moiety. The NMR spec-
troscopic study on the adduct has shown that this reaction
results from an unprecedented anti addition on the alkyne.
DFT calculations show that this unexpected characteristic is
related to the intramolecular coordination of the lithium
atom by one oxygen atom of the terminal acetal appendage.
This persisting O–Li interaction is observed all along the
cyclization pathway, and drives the cation to the E site of
the olefin. The calculations show that in absence of this co-
ordination (as in conformers B and C), the Z olefin that
would result from a classical syn addition should be ob-
tained. The experiments were repeated on the allene 1d. In
this case, one equivalent of n-butyllithium suffices to trigger
the exchange, the cyclization, and the final elimination of
lithium ethoxide. The DFT results suggest that the intramo-
lecular addition of the original aryllithium on the central
carbon atom of the allene 2b yields the expected benzofur-
an skeleton, which bears a lithiated lateral chain at the 3-po-
sition that is ready for a b-elimination process. This cycliza-
tion goes through a low-lying transition state, as is expected
for a rapid reaction at low temperature.


The complete description of the reaction requires a de-
tailed study of the mechanism of the final elimination step.
This work is under way on the E and Z olefins that result
from the cyclization of conformers A–C. The results will be
reported in due time.


Experimental Section


General consideration : THF and Et2O were dried from Na/benzophe-
none. All reagents were of reagent grade and were used as such or dis-
tilled prior to use. Reactions were monitored by TLC, which was carried
out on 0.25 mm E. silica-gel-coated aluminium plates (60 F254) by using
UV light as a visualizing agent, and 7% ethanolic phosphomolybdic acid
and heat were used as a developing agent, or by GC with a 24 m HP-
methyl silicon capillary column. E. silica gel (60, particle size 0.04–
0.063 mm) was used for flash chromatography. 1H and 13C NMR spectra
were recorded at room temperature at 300 and 75 MHz respectively, and
were calibrated by using residual undeuterated solvent as an internal ref-
erence. The solvent was CDCl3 or [D6]benzene. The mass spectra were
obtained under electron impact conditions (EI) at 70 eV ionizing poten-
tial.


1-Bromo-2-(4,4-diethoxybut-2-ynyloxy)benzene (1c): Diisopropylazodi-
carboxylate (10.30 mL, 52 mmol, 1.0 equiv) was added dropwise to a so-
lution of 4,4-diethoxy-but-2-yn-1-ol[1a] (8.21 g, 52 mmol), 2-bromophenol
(6.18 mL, 52 mmol, 1.0 equiv), and triphenylphosphine (13.63 g, 52 mmol,
1.0 equiv) in THF (300 mL) at 0 8C under argon. The solution was


warmed to room temperature, stirred for 3 h and washed by adding 0.4m


NaOH (100 mL). The mixture was diluted by Et2O (150 mL) and washed
again by 0.4m NaOH solution (2Q100 mL). The combined organic layers
were dried over anhydrous MgSO4 and concentrated. Pentane (300 mL)
was added to the residue to precipitate triphenylphosphine oxide. After
filtration, the resulting brown liquid was purified by column chromatog-
raphy (30% EtOAc in cyclohexane) to give the pure product 1c (14.97 g,
92%) as a yellow liquid. 1H NMR (CDCl3): d=1.20 (t, J=7.2 Hz, 6H),
3.55 (qd, J=7.2, 9.4 Hz, 2H), 3.68 (qd, J=7.2, 9.4 Hz, 2H), 4.83 (d, J=


1.1 Hz, 2H), 5.28 (t, J=1.1 Hz, 1H), 6.88 (td, J=7.5, 1.5 Hz, 1H), 7.07
(dd, J=7.5, 1.5 Hz, 1H), 7.27 (td, J=7.5, 1.5 Hz, 1H), 7.55 ppm (dd, J=


7.5, 1.5 Hz, 1H); 13C NMR (CDCl3): d =15.2, 54.1, 61.0, 79.7, 83.7, 91.4,
112.5, 114.4, 123.1, 128.7, 133.8, 154.2 ppm; EIMS: m/z (%): 313 (21)
[M]+ , 311 (21) [M]+ , 268 (34), 188 (27) [M�OEt]+ , 160 (68) [M�
(OEt)2]


+ , 131 (62) [M�CH ACHTUNGTRENNUNG(OEt)2]
+ , 85 (85), 68 (100).


1-Bromo-2-(4,4-diethoxybuta-1,2-dienyloxy)benzene (1d): Potassium tert-
butoxide (0.179 g, 1.6 mmol, 1.6 equiv) was added portionwise to a solu-
tion of acetylene 1c (0.313 g, 1.0 mmol) in THF (10 mL) at 0 8C under
N2. The mixture was stirred for 20 min at 0 8C and H2O (10 mL) was
added. The organic layers were washed with a saturated solution of NaCl
(5 mL), dried over anhydrous MgSO4, and concentrated to give the
allene 1d (0.312 g, 99%) as a brown oil. 1H NMR (CDCl3): d =1.16 (t,
J=7.1 Hz, 3H), 1.21 (t, J=7.1 Hz, 3H), 3.50 (m, 4H), 4.91 (dd, J=5.6,
1.1 Hz, 1H), 5.79 (t, J=5.6 Hz, 1H), 6.96 (m, 2H), 7.19 (dd, J=1.5,
7.9 Hz, 1H), 7.26 (td, J=1.5, 7.9 Hz, 1H), 7.55 ppm (dd, J=1.5, 7.9 Hz,
1H); 13C NMR (CDCl3): d=15.4, 15.5, 61.4, 61.9, 100.1, 105.9, 114.3,
119.6, 120.9, 125.1, 128.7, 133.8, 153.7, 197.3 ppm.


3-(2-Ethoxyvinyl)benzofuran (5): A 2.05m solution of n-butyllithium in
hexane (0.95 mL, 0.51 mmol, 1.03 equiv) was added to a solution of the
allene 1d (0.156 g, 0.50 mmol) in anhydrous THF (2.5 mL) at �78 8C
under an argon atmosphere. After 15 min of stirring, the mixture was hy-
drolyzed with H2O (4 mL). The aqueous phase was separated and ex-
tracted with Et2O (3Q4 mL). The combined organic phases were dried
over anhydrous MgSO4, and concentrated to provide a mixture two iso-
mers of benzofuran 5[1] (0.094 g, 100%, E/Z=86:14) as a brown oil.


E isomer : 1H NMR (CDCl3): d =1.27 (t, J=7.1 Hz, 3H), 3.83 (q, J=


7.1 Hz, 2H), 5.76 (d, J=13.2 Hz, 1H), 6.98 (d, J=13.2 Hz, 1H), 7.18 (m,
2H), 7.37 (dd, J=1.7,.2 Hz, 1H), 7.42 (s, 1H), 7.55 ppm (dd, J=1.5,
6.0 Hz, 1H); 13C NMR (CDCl3): d =15.2, 65.9, 95.6, 112.0, 117.3, 120.8,
123.0, 124.8, 126.8, 140.7, 148.50, 156.0 ppm.


Z isomer : 1H NMR (CDCl3): d =1.21 (t, J=7.1 Hz, 3H), 3.86 (q, J=


7.1 Hz, 2H), 5.24 (d, J=6.4 Hz, 1H), 6.20 (d, J=6.4 Hz, 1H), 7.05–7–45
(m, 4H), 7.87 ppm (s, 1H); 13C NMR (CDCl3): d=15.7, 69.0, 93.8, 111.4,
115.4, 119.5, 122.4, 124.2, 127.2, 143.6, 146.8, 154.6 ppm; MS (CI, CH4):
m/z (%): 189 (100) [M+H]+ , 161 (29); IR: ñ =2926, 1380, 1127 cm�1.


(E)-3-(2,2-Diethoxyethylidene)-2,3-dihydrobenzofuran (6 and 6D): A
2.37m solution of n-butyllithium in hexane (0.51 mL, 1.2 mmol, 1.2 equiv)
was added to a solution of the acetal 1c (0.313 g, 1.0 mmol) in anhydrous
THF (5 mL) at �78 8C under argon atmosphere. After 15 min of stirring,
the mixture was deuterolyzed with EtOD (0.6 mL). After 15 min of stir-
ring, H2O (5 mL) was added. The aqueous phase was separated and ex-
tracted with Et2O (3Q5 mL). The combined organic phases were dried
over anhydrous MgSO4 and concentrated. The residue was purified by
column chromatography (10% EtOAc in cyclohexane) to provide a mix-
ture of 6 and 6D (0.197 g, 84%, H/D=66:34) as an orange liquid.


Compound 6 : 1H NMR (CDCl3): d=1.23 (t, J=7.2 Hz, 6H), 3.58 (qd,
J=7.2, 9.4 Hz, 2H), 3.71 (qd, J=7.2, 9.4 Hz, 2H), 5.10 (d, J=1.1 Hz,
2H), 5.55 (m, 2H), 6.87 (d, J=7.9 Hz, 1H), 6.94 (t, J=7.9 Hz, 1H), 7.22
(td, J=1.2, 7.9 Hz, 1H), 7.62 ppm (d, J=7.9 Hz, 1H); 1H NMR
([D6]benzene): d =1.12 (t, J=7.2 Hz, 6H), 3.45 (qd, J=7.2, 9.4 Hz, 2H),
3.59 (qd, J=7.2, 9.4 Hz, 2H), 4.63 (dd, J=1.5, 2,3 Hz, 2H), 5.43 (dt, J=


2.3, 5.6 Hz, 1H), 5.56 (dt, J=1.5, 5.6 Hz, 1H), 6.77 (td, J=1.5, 7.6 Hz,
1H), 6.82 (d, J=7.6 Hz, 1H), 6.95 (td, J=1.5, 7.6 Hz, 1H), 7.86 ppm (d,
J=7.6 Hz, 1H); 13C NMR (CDCl3): d =15.7, 60.7, 75.6, 98.1, 111.0, 116.8,
121.2, 124.3, 126.2, 131.3, 139.8, 165.4 ppm; EIMS: m/z (%): 234 (1)
[M+], 188 (80) [M�OEt]+ , 160 (21) [M� ACHTUNGTRENNUNG(OEt)2]


+ , 131 (100) [M�CH-
ACHTUNGTRENNUNG(OEt)2]


+ .


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5159 – 51675166


J. Maddaluno, C. Fressign3 et al.



www.chemeurj.org





Compound 6D : 1H NMR ([D6]benzene): d=1.12 (t, J=7.2 Hz, 6H), 3.45
(qd, J=7.2, 9.4 Hz, 2H), 3.61 (qd, J=7.2, 9.4 Hz, 2H), 4.63 (d, J=1.5 Hz,
2H), 5.56 (s, 1H), 6.77 (td, J=1.5, 7.6 Hz, 1H), 6.83 (d, J=7.6 Hz, 1H),
6.95 (td, J=1.5, 7.6 Hz, 1H), 7.88 ppm (d, J=7.6 Hz, 1H); EIMS: m/z
(%): 235 (1) [M]+ , 189 (80) [M�OEt]+ , 161 (21) [M� ACHTUNGTRENNUNG(OEt)2]


+ , 132
(100) [M�CH ACHTUNGTRENNUNG(OEt)2]


+ .


(4,4-Diethoxybut-2-ynyloxy)benzene (7): A 2.0m solution of n-butyllithi-
um in hexane (1.0 mL, 2.0 mmol, 2.0 equiv) was added to a solution of
the acetal 1c (0.313 g, 1.0 mmol) in anhydrous Et2O (5 mL) at �78 8C
under an argon atmosphere. After 15 min of stirring, the mixture was hy-
drolyzed with H2O (5 mL). The aqueous phase was separated and ex-
tracted with Et2O (3Q5 mL). The combined organic phases were dried
over anhydrous MgSO4 and concentrated. The residue was purified by
column chromatography (10% EtOAc in cyclohexane) to provide 7
(0.624 g, 62%) as a yellow liquid and a mixture of 6 (0.120 g, 12%,) as a
yellow liquid. 1H NMR (CDCl3): d=1.21 (t, J=6.8 Hz, 6H), 3.56 (qd, J=


7.2, 9.4 Hz, 2H), 3.70 (qd, J=7.2, 9.4 Hz, 2H), 4.75 (s, 2H), 5.29 (s, 1H),
6.98, 7.29 ppm (m, 5H); MS (EI): m/z (%): 234 (5) [M]+ , 189 (60)
[M�OEt]+ , 161 (47), 131 (22), 85 (100), 68 (95).
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Understanding the Reactivity and Basicity of Zeolites: A Periodic DFT Study
of the Disproportionation of N2O4 on Alkali-Cation-Exchanged Zeolite Y
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Robert A. Schoonheydt*[a]


Introduction


Zeolites are excellent acid–base catalysts. Acid zeolites are
widely used in industrial catalysis both for their Brønsted
(Al�OH�Si) and Lewis (extra-framework aluminium spe-
cies) acidic properties. On the other hand, basic zeolites
have generated interest because of their selectivity in cataly-
sis[1–5] and their adsorption properties.[6,7] Their basicity is
usually ascribed to the framework oxygen atoms in line with
the general acid–base reaction shown in Scheme 1.


The basic oxygen of the zeolite is the oxygen atom that
bridges the silicon and aluminium atoms. Oxygen basicity
has been studied experimentally with probe molecules such
as pyrrole,[8,9] CH3OH and CH3I,


[10,11] and N2O4.
[12, 13] These


studies led to two well-known empirical rules: 1) Basicity in-
creases with the number of aluminium atoms in the lattice.
2) For a given amount of aluminium in the lattice, the basici-
ty increases as the size of the exchangeable cation increases.
Thus, the basicity sequence for the alkali cations is [Li+]-
Z< [Na+]-Z< [K+]-Z< [Rb+]-Z< [Cs+]-Z, in which Z
refers to the zeolite.


In basic zeolites the exchangeable cations are Lewis acid
centers. Therefore, any molecule in the zeolite can interact
with the Lewis acid sites and with the framework oxygen
atoms, which act as the basic sites. The separation of the
two effects and their independence or cooperativity towards
various processes is not straightforward. A better under-
standing of the role and interplay between these acidic and


Abstract: The disproportionation of
N2O4 into NO3


� and NO+ on Y zeo-
lites has been studied through periodic
DFT calculations to unravel 1) the role
of metal cations and the framework
oxygen atoms and 2) the relationship
between the NO+ stretching frequency
and the basicity of zeolites. We have
considered three situations: adsorption
on site II cations with and without a
cation at site III and adsorption on a
site III cation. We observed that cat-
ions at sites II and III cooperate to sta-
bilize N2O4 and that the presence of a


cation at site III is necessary to allow
the disproportionation reaction. The
strength of the stabilization is due to
the number of stabilizing interactions
increasing with the size of the cation
and to the Lewis acidity of the alkali
cations, which increases as the size of
the cations decreases. In the product,
NO3


� interacts mainly with the cations


and NO+ with the basic oxygen atoms
of the tetrahedral aluminium through
its nitrogen atom. As the cation size in-
creases, the NO3


�···cation interaction
increases. As a result, the negative
charge of the framework is less well
screened by the larger cations and the
interaction between NO+ and the basic
oxygen atoms becomes stronger. NO+


appears to be a good probe of zeolite
basicity, in agreement with experimen-
tal observations.
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basic sites is a requisite for understanding the chemistry of
cation-exchanged zeolites.


Several theoretical and experimental studies have been
performed on cation-exchanged zeolites to characterize the
acidic and basic sites. Experimentally, pyrrole is used as a
probe molecule to measure the basicity of zeolites. The N�
H group interacts with the framework oxygen and the re-
sulting red shift of its stretching frequency is used as a mea-
sure of basicity.[8,9] In agreement with the above basicity
trend, it was observed that the NH group is more strongly
bound to the framework oxygen atoms in CsX than in
LiX.[14] The adsorption of pyrrole on an MT6 (T=Si or Al)
cluster has been investigated theoretically by DFT methods
for M=Li+ , Na+ , K+ , Rb+ , and Cs+ .[15] It was shown that
the cation–p complex was the most stable. The cation hard-
ness[16–18] was shown to be the driving force for the pyrrole
adsorption. Indeed the heat of adsorption increases linearly
with the electrostatic interaction between the cation and the
p negative charge of the pyrrole ring.


CorrÞa et al. investigated the elimination of a proton from
ethyl chloride to form ethene on basic zeolite by performing
DFT cluster calculations.[19] The activation barriers were
found to increase from Li+ to Cs+ . From the analysis of
charges and geometries they concluded that the reaction is
controlled by the Lewis acid–base interaction between the
alkali cation (acid) and the chloride anion (base). Thus, the
framework oxygen atoms are not involved in the process.
Later Noronha et al. drew the same conclusion for the con-
version of chloromethane into light olefins on cation ex-
changed ZSM-5.[20] The M–Cl electrostatic interaction, and
thus, the interaction of the adsorbed molecule with the
alkali metal cation, was shown to be the driving force for
the formation of the methoxide.


On the other hand, it has been shown that the interaction
with framework oxygen atoms can have a significant influ-
ence. The formation of methoxide from methanol and
methyl iodide, two molecules possessing a hard (OH) and
soft group (I), respectively, was again investigated. Experi-
mentally, the chemisorbed methoxides were used as probes
of the lattice oxygen basicity.[10,11,21] It was indeed observed
that the 13C MAS NMR spectroscopy chemical shift of the
methoxy groups depends linearly on the Sanderson electro-
negativity[22] of a given zeolite structure. The theoretical in-
vestigation of these reactions using the ONIOM model
showed two different trends for CH3OH and CH3I.


[23] For
CH3OH the activation barriers increase from Li+ to Cs+ , as
was observed in the studies of CorrÞa and Noronha.[19,20] For
CH3I the reverse trend was observed: The activation barrier
decreases from Li+ to Rb+ . The reason for this reverse
trend is the soft character of the iodide. This leads to a
weak interaction with the hard alkali cation. In this case the
interaction between CH3I and the basic oxygen atom pre-
vails over the interaction with the alkali cation.


These studies showed that the lattice oxygen atoms and
the exchangeable cations may have a different role with re-
spect to the considered reaction. The basicity of the zeolite
has also been studied experimentally with NO+ as a probe


molecule. The N2O4 disproportionation reaction generates
nitrosonium (NO+) and nitrate ions on the surface
(Scheme 2). The nitrate is stabilized by the alkali metal and


the nitrosonium ion coordinates to the negatively charged
lattice oxygen atoms. n ACHTUNGTRENNUNG(NO+) has been measured for both
zeolites Y and X. Typically, an X faujasite-type zeolite is de-
fined by a Si/Al ratio of 1.25. Zeolite Y has a typical Si/Al
ratio of 2.4–2.5. For both, the NO+ frequencies indicate that
the order of basicity increases as follows: [Li+]-Z< [Na+]-
Z< [K+]-Z< [Rb+]-Z< [Cs+]-Z.[13] The n ACHTUNGTRENNUNG(NO+) frequencies
are 15–50 cm�1 higher for zeolite Y than for zeolite X for
any given cation, in agreement with the higher basicity of
zeolite X.


The number and distribution of the cations over different
sites of the framework may influence the adsorption and re-
action processes. In faujasite zeolite, adsorption and reaction
take place in the supercage. The cationic sites available for
adsorption are sites II and III. Thus, in zeolite X the alkali
cations occupy sites II and III. It has very recently been
shown by periodic DFT calculations that these cations coop-
erate to stabilize NO3


�, whereas the NO+ cations interact
with the lattice oxygen atoms.[24] In this study the computed
NO+ stretching frequencies were found to be in fair agree-
ment with the experimental values.


In the present work we extended this study to zeolite Y
exchanged with Na+ , K+ , and Rb+ . Because of the lower
cation content of zeolite Y compared with X, site III has a
lower probability of population, except for Rb+ ; this cation
is too large to enter the sodalite cages and hexagonal
prisms.[25] Thus, in RbY, Na+ cations occupy sites I and I’,
whereas Rb+ cations occupy sites II and III (see Figure 1).
Several XRD studies on K+-exchanged Y zeolites have
shown that site II always contains a cation, but site III occu-
pancy could not be demonstrated experimentally.[26] For
NaY it has been shown by statistical models combined with
XRD studies that for a typical Si/Al ratio of Y zeolite, no
cations are present at site III.[27,28]


We have investigated in detail the role of alkali cations
and framework oxygen atoms in the disproportionation of
N2O4 on NaY, KY, and RbY. Three models were considered
for each cationic form. Model SIIa corresponds to the ad-
sorption of N2O4 on site II with one cation at site III. In
model SIIb the adsorption occurs on site II without any cat-
ions at site III. And in model SIII N2O4 is adsorbed on site
III. The adsorption of NO+ on different sites and the corre-
sponding NO+ frequencies have also been computed and
will be discussed in the context of zeolite basicity.


Scheme 2.
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Methods and Model


Periodic density functional theory (DFT) as implemented in the Vienna
Ab Initio Simulation Package[29,30] was used to compute equilibrium
structures, their energies, and the vibrational frequencies of N2O4 adsorp-
tion complexes within alkali-exchanged zeolite Y. All calculations were
performed by using the projected augmented waves (PAW) method to
describe electron–ion interactions[31,32] and the Perdew–Wang (PW91)
form of the generalized gradient approximation for the exchange and
correlation energies.[33] Brillouin zone-sampling was restricted to the G


point.[34] The kinetic energy cutoff was fixed at 400 eV. Full geometry op-
timizations were performed by using a conjugated gradient algorithm.
Convergence was assumed to have been reached when the forces on each
atom were below 0.05 eVN�1.


Vibrational frequencies of the adsorbed N2O4 species were calculated by
using the finite difference method as implemented in VASP. Small dis-
placements (0.02 N) of atoms from the N2O4 species and zeolitic ions in-
volved in direct interaction with N2O4 were used to estimate the numeri-
cal Hessian matrix. The rest of the zeolitic atoms were kept fixed at their
equilibrium positions.


The adsorption energies of N2O4 and the disproportionation products in
the zeolite were computed relative to the energy of the free zeolite and
to the energy of N2O4 in a vacuum by using Equation (1).


DE ¼ Ecomplex�E0,zeolite�E0,N2O4


One drawback of DFT methods is that the dispersion interaction is not
taken into account. Several recent studies have shown the importance of
dispersion forces.[35,36] However, in our systems most of the interactions
involve charged molecules and so are electrostatic in nature. Dispersion
forces are thus assumed to have a minor influence on the trends resulting
from our models.


A rhombohedral cell with 144 atoms (48 silicon and 96 oxygen) was
used. Fourteen silicon atoms were substituted uniformly through the cell
by aluminium atoms according to the Lçwenstein rule to give a Si/Al
ratio of 2.43 and a chemical composition of M14Al14Si34O96. Fourteen
alkali cations were placed in the cell as follows: nine cations at site II,
two at site I, two at site I’, and one at site III (Figure 1). For the model
without any cation at site III (SIIb), the site III cation was moved to the
corresponding site I’ site. Thus, there are nine cations at site II, two at
site I, and three at site I’.


The cell parameters were first optimized in the absence of N2O4 for the
three alkali cations (Table 1). These parameters were maintained for all
of the other structures with adsorbed N2O4 and the disproportionation in-


termediates and products. The free N2O4 molecule was optimized in a
20P20P20 N3 cell (Figure 2).


From an XRD study of NaY zeolites, the SI–O3, SII–O2, SII–O4, SIII–
O1, and SIII–O4 distances were determined to be around 2.69, 2.25, 2.93,
2.37, and 2.86 N, respectively.[37] For KY, the SI–O3, SI’–O, SII–O, and
SIII–O distances are in the ranges 2.53–2.97, 2.58–2.86, 2.69, and 2.89 N,
respectively.[38] These distances are in reasonably good agreement with
our data (Table 2).


To estimate the oxygen basicity, the electrostatic potential was computed
for the free optimized zeolite structures to localize the most basic site as
well as the values of the electrostatic potential in given locations. The
electrostatic potential has already been successfully used to describe the
basicity of oxygen atoms in previous cluster calculations.[23,39–41] For this
purpose, high-precision single-point calculations were carried out on the
optimized structures. The kinetic energy cutoff was augmented to 525 eV.
Then the electrostatic potential map, projected over an isodensity surface
(0.01 a.u.), was visualized by using the OpenDx software.[42] A homemade
algorithm was used to locate the minimum of the electrostatic potential
and to obtain the values at given locations.


Results


Three models have been considered. Model SIIa refers to
the adsorption of N2O4 on a site II cation with a cation on


Figure 1. Structure of faujasite zeolite Y showing the location of sites I,
I’, II, and III.


Table 1. Cell Parameters and metal–oxygen distances for cells containing
Na+ , K+ , and Rb+ cations.


Cell lengths[a] [N] Cell angles[b] [8]


Na+ 17.57 60
K+ 17.72 60
Rb+ 17.80 60


[a] The cell lengths a, b, and c are equal, that is, a=b=c. [b] The cell
angles a, b, and g are equal, that is, a=b =g.


Figure 2. N2O4 geometry optimized in the 20P20P20 N3 supercell with
VASP.


Table 2. Ranges of the metal–oxygen distances for cation sites I, I’, II,
and III.


Na+ K+ Rb+


M(SI)–O3 2.36–2.62 2.80–2.93 2.85–3.14
M ACHTUNGTRENNUNG(SI’)–O 2.27–2.32 2.74–2.85 2.94–3.05
M ACHTUNGTRENNUNG(SII)–O2 2.27–2.39 2.71–2.89 2.83–3.12
M ACHTUNGTRENNUNG(SII)–O4 2.70–3.20 2.80–3.23 2.89–3.27
M ACHTUNGTRENNUNG(SIII)–O1 2.37–2.54 2.79–3.23 2.99–3.27
M ACHTUNGTRENNUNG(SIII)–O4 2.55–2.95 2.87–3.30 3.01–3.53


[a] Distances are given in N. The number of the oxygen corresponds to
the four types of oxygen atoms of the TOT bonds (tetrahedral�O�tetra-
hedral bonds).
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site III. Model SIIb corresponds to the adsorption on a
site II cation without a cation on site III. In the SIII model,
N2O4 is adsorbed on the site III cation. We call the primary
interaction the interaction between N2O4 and the cation on
which the molecule is adsorbed: a site II cation for the SII
models and a site III cation for the SIII model. In the case
of the SIIa model, secondary interactions arise with site II
and III cations. For the SIIb and SIII models, secondary in-
teractions involve only site II cations.


N2O4 adsorption : The geometries of the N2O4 adsorption
complexes are shown in Figure 3 and the adsorption ener-
gies are given in Table 3. Upon adsorption in the supercage
of zeolite Y, N2O4 interacts only with alkali cations. Oxygen
atoms are not involved. This is indicative of a predominant
M+ ···N2O4 electrostatic interaction. The adsorption of N2O4


leads to elongation of the N�O bonds and to shortening of
the N�N bond compared with the gas-phase geometry
(Figure 2).


The primary interactions, with the site II cations for the
SII models and with the site III cation for the SIII model,
constitute the major contribution to the stabilization of the
adsorbed N2O4. For all of the models, the strength of the pri-
mary interaction decreases in the order Na+>K+>Rb+ , in


accordance with the M+�O distances. This is in line with the
electrostatic field and Lewis acidity of the cations. The sec-
ondary interactions, between N2O4 and the other site II and
III cations present in the supercage, increase in number and
strength in the reverse order: Na+<K+<Rb+ (see the dis-
tances in Figure 3). The contribution of the secondary inter-
actions to the stabilization energy is the strongest for RbY,
resulting in a better stabilization of the adsorbed N2O4.


For the SII models with Na+ and K+ , the secondary inter-
actions are insignificant due to a large separation between
N2O4 and the cations (large M+�O distances). As a result,
the stabilization energies are almost the same. For Rb+ the
secondary interactions exhibit M+�O distances similar to


those of the primary interac-
tions. The strength of the sec-
ondary interaction is thus simi-
lar to the primary interactions.
The larger number of secon-
dary interactions for Rb+ leads
to better stabilization than
with Na+ and K+ (Table 3).


For the SIIb model, without
any cation at site III, the M+


···N2O4 distances at site II are
shorter by about 0.1 N than
those in the SIIa model. The
primary interaction is thus re-
inforced. By comparing the en-
ergies of the SIIa and SIIb
models, we can evaluate the
effect of the site III cation,
which is not present in the
SIIb model. The effect is only
noticeable for Rb+ and is quite
weak: The structure is
2 kJmol�1 more stable in the
presence of the site III cation.


For the SIII model, secon-
dary interactions contribute ac-
tively to the stabilization of
N2O4, whatever the alkali
cation. The stabilization is con-
sequently larger than that in
the SII models. The N2O4 dis-
tances to the primary cation
are all shorter in the SIIIFigure 3. Geometries (distances in N) of the N2O4-adsorbed molecule.


Table 3. Adsorption energies [kJmol�1] of the adsorbed N2O4 molecule
and the [NOd + ONO2


d�] complex.


Na+ K+ Rb+


N2O4


DE ACHTUNGTRENNUNG(SIIa) �11 �11 �18
DE ACHTUNGTRENNUNG(SIIb) �11 �10 �16
DE ACHTUNGTRENNUNG(SIII) �33 �16 �29
[NOd + ONO2


d�]
DE ACHTUNGTRENNUNG(SIIa) 25 �1 �14
DE ACHTUNGTRENNUNG(SIIb) 27 38 33
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model than in the SIIa and SIIb models (Figure 3). This
shows that the primary interaction of N2O4 with a site III
cation is stronger in the SIII model than the primary inter-
action with a site II cation in the SII models. The effect of
the site III cation is thus larger than that of the site II
cation.


NaY provides a more stable complex in the SIII model
than in the SII models. The interaction between N2O4 and
the site III Na+ cation is quite strong. The smallest distance
observed between N2O4 and the alkali metal is 2.71 N. An-
other strong secondary interaction arises with a site II cation
(Na�O=2.91 N). With K+ and Rb+ the secondary interac-
tions do not provide a better stabilization of N2O4. In the
case of the adsorption of N2O4 on the site III Na+ cation,
the primary interaction and the Lewis acidity prevail over
the effect of the multiple interactions in KY and RbY.


ONONO2 adsorption : The ONONO2 isomer consists of a
NOd+ part covalently bound by the nitrogen atom to one of
the oxygen atoms of the NO3


d� moiety. This complex has al-
ready been characterized in the gas phase by QM calcula-
tions.[43] It is considered here to be an intermediate of the
N2O4 disproportionation reaction before the separation of
N2O4 into NO+ and NO3


�. The geometries of the adsorbed
complexes are shown in Figure 4; the energies can be found
in Table 3.


No reasonable geometries were found for the SIII model.
The only geometry we were able to optimize shows two
NO2 radicals, which is incorrect for a closed-shell calcula-
tion; therefore, they are not considered herein. The fact that
no geometry was found for an intermediate of the dispro-
portionation reaction suggests that there is no stable struc-
ture of the ONd+�ONO2


d� complex on the site III cation.
The multiple interactions with the cations may directly lead
to separation into NO3


� and NO+ .
In the SII models, NOd+ interacts with the surface oxygen


atoms of the supercage and NO3
d� interacts with the alkali


cations. For NaY, NO3
d� interacts only with the primary cat-


ions. For KY and RbY, secondary interactions increase in
number and strength and result in a better stabilization, sim-
ilar to the case of the N2O4 adsorption complex. In the SIIa
model, the shortest distance between the NOd+ moiety and
the zeolite lattice oxygen atoms are 3.14, 3.03, and 2.80 N
for Na+ , K+ , and Rb+ , respectively. In SIIb they are 3.14,
2.80, and 2.88 N, respectively (the distance for Rb+ is not
shown in Figure 4). The interactions between NOd+ and the
lattice oxygen, and between NO3


d� and the alkali cation,
both increase with the size of the metal. As a consequence,
NO3


d� and NOd+ become increasingly separated in the
series Na+<K+<Rb+ , as indicated by the distances be-
tween NOd+ and NO3


d� of 1.77, 1.89, and 1.94 N, respective-
ly (Figure 4).


In the SIIb model, the structures are unstable (Table 3)
due to the absence of the site III cation. This cation is neces-
sary to stabilize NO3


d�.


NO+ and NO3
� adsorption : The separated NO+ and NO3


�


ion pair was optimized in the supercage of faujasite Y. NO3
�


interacts with the exchangeable cations, whereas NO+ inter-
acts with the negative framework oxygen atoms through the
nitrogen atom. The three models, SIIa, SIIb, and SIII, refer
to the adsorption of NO3


� at sites II and III. In addition to
these three models, we considered two possible configura-
tions for the orientation of NO+ and NO3


�. In the SII
models, NO+ is in the same plane (first configuration) or or-
thogonal to NO3


� (second configuration; see Figures 5 and
6, respectively). In the case of the SIII model, the difference
lies in the coordination mode of NO+ . NO+ is coordinated
to two oxygen atoms in the first configuration and to four
lattice oxygen atoms in the second configuration. The ener-
gies and NO+ stretching frequencies are summarized in
Table 4.


Structure stabilization : As seen above, the primary interac-
tions decrease in the order Na+>K+>Rb+ . However, the
strength and number of secondary interactions increases in
the reverse order: Na+<K+<Rb+ . These multiple interac-
tions lead to a better stabilization. Secondary interactions
are naturally observed for adsorption on the site III cation


Figure 4. Geometries (distances in N) of the ONd+�ONO2
d�-adsorbed


isomer.
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because of the proximity of site II cations, whatever the
alkali cation. As a result, stable structures are found for all
cationic forms of the SIII model and for RbY in the SIIa
model because of strong interactions between the NO3


�


moiety and the site III cation. The N2O4 disproportionation
is thus only possible if an exchangeable cation is present at
site III. This shows that the stabilization is driven by the
NO3


�···M+ interaction.
We can see that for all the cations in the two different


configurations, the distances between NO3
� and the site III


cation are always shorter by about 0.1 N than the NO3
�-


site II cation distances. The interaction with the site III
cation is stronger than the interaction with the site II cation
due to less effective shielding of the site III cations by lattice
oxygen atoms. Indeed, the site III alkali cation is coordinat-
ed to only four framework oxygen atoms instead of six for
the site II cations. The efficiency of the shielding of the ex-
changeable cations has recently been shown to influence the
stabilization of adsorbed molecules on low-silica zeolites
modified with hard Lewis acids.[44,45] The importance of the
site III cation can also be observed from the differences in
the computed interaction energies between the SIIa and
SIIb models with KY and RbY. The presence of the site III


cation in SIIa leads to a great-
er stabilization: more than
70 kJmol�1 in RbY (for both
configurations).


NO+–framework-oxygen inter-
action : In the first configura-
tion of the SIIa model, the dis-
tance between NO+ and the
closest framework oxygen de-
creases from Na+ (2.39 N) to
K+ (2.19 N) and Rb+ (2.15 N).
For the SIII model the shortest
distance varies only very slight-
ly for Na+ , K+ , and Rb+ (D=


0.03 N; Figure 5). The distance
from NO+ to the second clos-
est oxygen atom also decreases
from Na+ (2.48 N) to K+


(2.35 N) and Rb+ (2.27 N).
The same trend is observed for
the SIIa model in the second
configuration (Figure 6). For
the SIII model the shortest dis-
tance from NO+ to the closest
framework oxygen is found for
Rb+ and there is a only a
small difference between the
Na+ and K+ structures (D=


0.03 N). According to this
data, the interaction between
NO+ and the framework
oxygen atoms increases in the
order Na+<K+ <Rb+ .


The NO+ stretching frequency (Table 4) decreases in the
order Na+>K+>Rb+ for all of the optimized structures
(except for SIIb, second configuration). This also indicates
an increasing interaction between NO+ and the framework
oxygen as the size of the alkali cation increases. These re-
sults are in agreement with the experimentally observed fre-
quencies of 2090, 1973, and 1968 cm�1 for NaY, KY, and
RbY, respectively.[13] The frequencies computed for the most
stable structures, the SIII model and the first configuration,
are close to those obtained experimentally.


In the case of the SII models we see that the planar orien-
tation between NO+ and NO3


� (first configuration) is more
stable than the orthogonal one (second configuration; see
Table 4). In the SIII models the energy difference between
the two configurations indicates that the coordination of
NO+ to two oxygen atoms (first configuration) leads to a
better stabilization than in the four-coordinated mode
(second configuration).


Figure 5. Geometries (distances in N) of the NO+- and NO3
�-adsorbed molecules in the first configuration.
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Discussion


In the disproportionation of N2O4 on cation-exchanged zeo-
lites, both basic and acid sites are involved. The exchange-
ACHTUNGTRENNUNGable cations are the Lewis acids, whereas the framework
oxygen atoms are the basic sites. In previous studies, the re-
activity of the alkali cations has been attributed to their
Lewis acidity, which increases in the order Cs+ <Rb+<K+


<Na+<Li+ .[15,19,20] On the
other hand, the basicity of the
framework oxygen atoms has
been shown experimentally to
increase with the size of the
exchangeable cations.[13] After
N2O4 disproportionation, the
characteristic vibrational fre-
quencies of NO+ and NO3


�


depend on the nature of the
exchangeable cation. In partic-
ular, the NO+ stretching fre-
quencies are used to probe the
basicity of the zeolites.[12]


Adsorption and disproportio-
nation of N2O4 : N2O4 adsorp-
tion in the zeolite Y supercage
leads to stable structures. Only
extra-framework cations are
involved in the adsorption
complex. The most stable
structures are found when
N2O4 is adsorbed on the site III
cation. Stable structures corre-
sponding to the intermediate
NOd+ONO2


d� could not be
found for adsorption on the
site III cation probably due to
a strong interaction of NO3


d�


with cations, which leads to
direct separation into NO+


and NO3
�. After disproportio-


nation, NO+ and NO3
� strongly interact with framework


oxygen atoms and exchangeable alkali atoms, respectively.
Stable structures are found only when NO3


� is adsorbed on
the site III cation. We conclude that the disproportionation
of N2O4 into NO+ and NO3


� in the supercage of zeolite Y is
feasible and exo-energetic only when a cation is present at
site III.


The stabilization of N2O4 and the [NO3
� NO+] complex is


governed by the interaction with cations. The strength of the
primary interactions parallels the Lewis acidity of the cat-
ions. Secondary interactions increase in number and strength
with the size of the cation. The stronger the secondary inter-
actions, the weaker the primary interactions become. In the
case of K+ and Rb+ , the sum of the two interactions results
in an increase in the adsorption energies, which means that
the secondary interactions dominate. In the case of Na+ , the
strength of the primary interactions (Lewis acidity) is still
dominant for the N2O4 adsorption and for the ion-pair ad-
sorption with NO+ in the second configuration. We con-
clude that both the Lewis acidity of the cations and the
number of interactions with cations determine the overall
stabilization. This contradicts previous theoretical studies
which showed that the driving force of several reactions cat-
alyzed by zeolites is the Lewis acidity of the exchangeable


Figure 6. Geometries (distances in N) of the NO+- and NO3
�-adsorbed molecules in the second configuration.


Table 4. Adsorption energies [kJmol�1] and frequencies [cm�1] of the ad-
sorbed NO+ and NO3


� species.


Na+ K+ Rb+


1st configuration
SIIa DE 66 24 �25


n ACHTUNGTRENNUNG(NO+) 2045 2026 1964
SIIb DE 62 63 47


n ACHTUNGTRENNUNG(NO+) 2050 2037 1950
SIII DE �30 �40 �50


n ACHTUNGTRENNUNG(NO+) 2007 1986 1967
2nd configuration
SIIa DE 107 46 �13


n ACHTUNGTRENNUNG(NO+) 2015 2009 2001
SIIb DE 104 64 77


n ACHTUNGTRENNUNG(NO+) 1978 2038 2001
SIII DE �20 �16 �31


n ACHTUNGTRENNUNG(NO+) 2027 1961 1939
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cations.[19,20] One notes that these studies were performed by
using cluster DFT calculations and therefore the influence
of other exchangeable cations in the zeolite matrix were ne-
glected.


The stronger interaction of N2O4 or NO3
� with the site III


cation than with the site II cation is due to two reasons:
1) Multiple interactions naturally arise upon adsorption on
site III because of the proximity of the site III cation with
the site II cations. For adsorption on site II, the SII models,
the other site II cations in the supercage are too far away to
stabilize the molecule. 2) The strength of the interaction
with the site III cation is greater than with the site II cations.
Indeed, a site III cation is more exposed in the supercage, it
is less shielded by surface oxygen atoms, and it creates a
stronger electrostatic field.[44] This was also observed in our
study of zeolite X and confirms the dominant role played by
the site III cation.[24]


Oxygen basicity : In the product structure, NO+ interacts
through its nitrogen atom with the lattice oxygen atoms,
which carry the negative charge of the aluminium tetrahe-
dron. The exchangeable cations interact both with lattice
oxygen atoms and NO3


�. One can note the interplay be-
tween NO3


� stabilization by the cations and the NO+ stabi-
lization on lattice oxygen atoms. The stronger the cation···
NO3


� interaction, the weaker the cation···framework oxygen
interaction becomes. The strength of the former interaction
decreases in the order Rb+>K+>Na+ , whereas the reverse
is valid for the latter: Na+ >K+ >Rb+ . This means that the
negative charge of the framework oxygen atoms is less well
screened in the case of Rb+ than in the case of Na+ . As a
result, the NO+–framework-oxygen interaction is larger for
larger cations. In other words, NO+ interacts with more neg-
atively charged oxygen atoms in the case of RbY than in the
case of NaY. We conclude that the negatively charged
framework oxygen atoms are more accessible in the case of
large cations.


NO+ is a 14-electron molecule with fully occupied p orbi-
tals and empty p* orbitals. Upon NO+ adsorption some
charge is transferred to the p* orbital of NO+ . The N�O
bond weakens and the corresponding stretching frequency
decreases. The decrease observed in the NO+ frequencies
along with increasing cation size can therefore be related to
the amount of charge transferred from the framework
oxygen atoms. The amount of charge transfer is proportional
to the amount of charge on the oxygen and thus proportion-
al to the basicity. In conclusion, the basicity can be probed
by the NO+ frequency measurements.


The experimentally measured frequencies are 2090, 1973,
and 1968 cm�1 for NaY, KY, and RbY, respectively.[13] In the
most stable complexes with K+ and Rb+ , that is, model SIII
of the first configuration, the computed frequencies are
close to the experimental ones. For Na+ the difference be-
tween the experimental and computed values is large, 2090
and 2007 cm�1, respectively. The value obtained experimen-
tally for Na+ (2090 cm�1) was noted as being surprisingly
large by Thibault-Starzyk et al.[13] They hypothesized that


their NaY sample still contained traces of water, but this has
to be verified by experiment. The value expected from a
correlation between the frequencies and the hardness of the
cations is 2020 cm�1. This value is close to that determined
in our calculations.


Theoretical assessment of oxygen basicity : Intrinsic basicity
is defined as the density of negative charge on the frame-
work oxygen atoms.[1] As mentioned above, all framework
oxygen atoms carry negative charge and are potential basic
sites. But only the oxygen atoms that acquire the highest
negative charge have a true basic character and are consid-
ered to be basic sites. These are the oxygen atoms of the
aluminium tetrahedron. Thus, the basicity will depend on
the amount of aluminium substitution in the framework and
on their distribution. It is an intrinsic property of the zeolite
framework, irrespective of the nature of the cation.


Several theoretical calculations have been devoted to the
evaluation of the negative charge of lattice oxygen atoms.
Heidler et al.[7] computed the negative charge by using the
electronegativity equalization method (EEM). They ob-
served increasing negative charge on the oxygen with in-
creasing cation size. The net atomic charge computed from
various population analyses does not reproduce this
trend.[23,40,46, 47] On the other hand, the electrostatic potential
(ESP) computed around a given atom is by definition the in-
teraction between a positive charge and the electron density
of the considered atom. It can be used to evaluate indirectly
the negative charge carried by the atom. The ESP on cluster
models of cation-exchanged zeolites has been shown to be a
good descriptor of lattice oxygen basicity and successfully
reproduces the effect of cation size on basicity.[23,40]


We have evaluated the basicity of two adsorption sites of
NO+ by computing the ESP on the corresponding lattice
oxygen atoms of the SIII models. In the first configuration
NO+ is coordinated to two oxygen atoms (Figure 5); this is
the most stable configuration. In the second configuration
NO+ is coordinated to four oxygen atoms (Figure 6).
Table 5 shows the ESP values computed on the two- and


four-fold NO+ coordination sites computed by periodic cal-
culations. The most negative values correspond to the larg-
est basicity. The two-fold site shows the most negative ESP
values. Thus, the two-fold site is more basic than the four-
fold site. This leads to a better stabilization of NO+ , as can
be seen by comparing the adsorption energies (Table 4).
This can be explained by the distribution of the aluminium
and the geometrical parameters. For the two-fold site, each


Table 5. Electrostatic potentials computed for the two- and four-fold
sites.


Electrostatic potential [kJmol�1]
Two-fold Four-fold


Na+ �627 �606
K+ �589 �571
Rb+ �595 �579
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NO+-coordinating oxygen atom is bound to an aluminium
atom. For the four-fold site, only two of the four NO+-coor-
dinating oxygen atoms are bound to an aluminium atom.
The distance between these oxygen atoms is smaller for the
two-fold site (2.65, 2.67, and 2.69 N for Na+ , K+ , and Rb+ ,
respectively) than for the four-fold site (3.90, 3.99, and
4.01 N for Na+ , K+ , and Rb+ , respectively). Therefore, the
interaction of NO+ with the two oxygen atoms is stronger
for the two-fold site. In comparison, for the four-fold site,
NO+ cannot interact as strongly with the two oxygen atoms
of the aluminium tetrahedron because of the larger distan-
ces. The two-fold site is a more basic site.


In a topological study on the silicon/aluminium ordering
in zeolite frameworks, Barthomeuf[48,49] studied the frame-
work-induced basicity. The strength of the basic sites was
evaluated with respect to the distribution of the AlO4 tetra-
hedra and to the number of TOT bonds separating two
AlO4 tetrahedra. It was shown that the basicity of a given
cluster decreases when more TOT bonds separate two AlO4


tetrahedra. In our case, in the two-fold site the AlO4 are
separated by two TOT bonds: AlOSiOAlO. In the four-fold
site the AlO4 are separated by three TOT bonds: AlOSiO-
SiOAlO. According to these rules the two-fold site is more
basic than the four-fold site, in agreement with the ESP cal-
culations and the adsorption energies.


Note that the ESP values for Na+ are overestimated com-
pared with the values for K+ and Rb+ . This may be due to
the parameters we used for the pseudopotential of the alkali
atoms. For each alkali cation the semicore p states were
treated as valence states. In addition to the fact that the
local pseudopotential was determined differently for Na+


compared with K+ and Rb+ , this leads to a large decrease
in the energy cutoff from Na+ to K+ . To increase the accu-
racy of the calculations with the PAW pseudopotential, the s
states should be included in the valence states for K+ and
Rb+ . This is, however, the subject of a subsequent work on
the evaluation of the electronic properties of atoms by using
PAWs. On the other hand, the ESPs computed by cluster
calculations reproduce well the basicity sequence: Na+<K+


<Rb+ (data not shown). In conclusion, the ESP is a good
tool for evaluating the basicity of a given site in zeolites.


Comparison between zeolites X and Y: The NO+ stretching
frequencies obtained experimentally and computationally
for zeolites X and Y are shown in Table 6. When NO+ is ad-
sorbed on a basic oxygen atom, electron transfer from the


basic oxygen to the p* orbitals of NO+ occurs. The greater
the electron transfer, the lower the NO+ stretching frequen-
cy and the more basic is the oxygen atom. This is reflected
well in the experimental NO+ frequencies, which reveal that
zeolite X is more basic than Y and that for both X and Y
the basicity increases from Na+ to K+ to Rb+ . Thus, lattice
oxygen atoms are more negatively charged and more basic
when the cation size increases. The computed frequencies
follow the expected trend with respect to the alkali cat-
ions.[24] However, the computed frequencies for zeolite X
are all larger than those obtained for zeolite Y in disagree-
ment with experimental results. The frequencies were calcu-
lated in exactly the same way in these two studies. So, this is
unlikely to be the cause of the discrepancy.


At a more fundamental level the differences between zeo-
lites X and Y lie in the number of cations and aluminium
tetrahedra per supercage. In our zeolite Y cell we have 14
aluminium tetrahedra and alkali cations, whereas the X cell
comprises 22 aluminium and alkali metal ions. In zeolite Y
there are four cations at site II and one at site III. In zeolite
X there were four cations at each of the sites II and III. An-
other important factor is the distribution of the aluminium
tetrahedral. A systematic study of the number and distribu-
tion of aluminium tetrahedra is necessary to see what the
effect is on the NO+ frequencies and on the basicity.


The adsorption energies of zeolite X (Table 6) are larger
than those of zeolite Y because all the III sites contain a
cation and the number of stabilizing interactions is higher. It
was observed that secondary interactions dominate in all of
the complexes and that the stabilization decreases in the
order RbX>KX>NaX.[24] One exception was found for the
separated complex [NO3


� NO+], for which the stabilization
decreases in the sequence KX>RbX>NaX. K+ has the
same number of secondary interactions with NO3


� as Rb+ ,
but a larger Lewis acidity (primary interaction). This is
probably the reason for the sequence of the computed stabi-
lization energies.


Conclusions


Our theoretical data on the disproportionation of N2O4 in
the supercages of zeolites X[22] and Y reveal 1) the necessity
to have an alkali cation at site III, 2) the cooperation be-
tween site II and III cations in the stabilization of NO3


�,
and 3) the competition between the number of interactions
and the Lewis acidity of the cations. In addition, Na+ is the
smallest cation we have investigated and its Lewis acidity is
the highest. However, not all Na+ cations in the supercage
can cooperate to stabilize NO3


� ; only two cations cooperate
to stabilize NO3


� in the adsorption on site III. The larger
Rb+ cations, which are not as strongly bound to sites II and
III, all participate in NO3


� stabilization. As a consequence,
in the case of Na+ , NO+ interacts with the supercage sur-
face, the negative charge of which is partially screened by
the Na+ cations. The Rb+ cations, on the other hand, are
only slightly interacting with the surface oxygen atoms. The


Table 6. Adsorption energies and experimental and computed stretching fre-
quencies of adsorbed NO+ .[a]


Zeolite Y Zeolite X
n ACHTUNGTRENNUNG(NO+)exptl


[cm�1]
n ACHTUNGTRENNUNG(NO+)theory


[cm�1]
DE
[kJmol�1]


n ACHTUNGTRENNUNG(NO+)exptl


[cm�1]
n ACHTUNGTRENNUNG(NO+)theory


[cm�1]
DE
[kJmol�1]


Na+ 2090 2007 �30 1976 2023 �69
K+ 1973 1986 �40 1927 1991 �91
Rb+ 1968 1967 �50 1903 1991 �82


[a] Experimental frequencies are taken from refs. [12, 13], those computed for X
zeolite are taken from ref. [24].
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NO+ ···OACHTUNGTRENNUNG(surface) interaction is then maximal for Rb�Y-ex-
changed zeolites, and much lower in the case of Na�Y. This
conclusion is also applicable to zeolite X. The experimental-
ly observed increase in basicity in the series Na+<K+<


Rb+ can be ascribed to the above statements. It is based on
the interplay of NO3


� stabilization by cations, which increas-
es with their size, and of the strength of the interaction be-
tween NO+ and basic oxygen atoms, which also increases
with the size of the cations.


The first consequence of our reasoning is that in the ab-
sence of site III cations the N2O4 disproportionation reac-
tion cannot occur. In dehydrated zeolite Y, Na+ and K+ are
not found at site III in XRD measurements.[26–28] However,
N2O4 disproportionation was observed.[13] We postulate
three reasons for this discrepancy: 1) small amounts of Na+


and K+ , undetectable by powder XRD, are localized at site
III, 2) the presence of N2O4 and its disproportionation prod-
ucts (NO+ and NO3


�) induces cation migration into site III,
and 3) our model structure is not exactly identical to the ex-
perimental structures in terms of aluminium and alkali
cation distribution. Clearly there is room for experimental
research to find the minimum Si/Al ratio in faujasite-type
zeolites at which N2O4 disproportionation will occur, that is,
at which there are cations at site III.


Our study has highlighted the importance of the electric
field of cations in zeolitic cavities and of the cooperative
effect of these cations. These phenomena lead to the hetero-
lytic dissociation of molecules such as N2O4, but also to the
stabilization of charge-transfer states between two co-ad-
sorbed molecules, such as olefins and O2.


[50] It might well be
that ionic species are very important intermediates in base-
catalyzed reactions in zeolitic cavities.
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Diastereo- and Enantiomerically Pure Allylboronates:
Their Synthesis and Scope


Jçrg Pietruszka,*[a] Niklas Schçne,[a] Wolfgang Frey,[b] and Li Grundl[b]


Introduction


Reagents for allyl additions are a key for the success of
many syntheses. From the range of possible allyl–metal com-
pounds, the boron derivatives are special: It can be assumed
that the reliability in terms of yield, selectivity and especial-
ly predictability is one reason. The reagents are also non-
toxic and usually not very costly. The transformations can
be performed using rather mild reaction conditions, thus
various functional groups are also tolerated.[1] The enantio-
and diastereomerically pure allyl- and crotylboronic esters
introduced by Roush et al. in 1985,[2] proved to be especially
versatile and many applications have been reported. Related
allylboranes were reported by Brown et al.[3] A common fea-
ture of these reagents is that the stereochemical information
is in all cases in the periphery of the transition state for the
addition. A stereogenic centre in the core of the transition
state should be advantageous in terms of selectivity for the
formation of the homoallylic alcohol. To achieve the goal, a
substituent in position a to boron in the allyl moiety would


be needed. Exemplary systematic work on the issue has
been published by Hoffmann et al. who proved that by in-
creasing the steric bulk of the boronic ester protecting
group (“R1”, Scheme 1) the (Z)-olefinic product would be
favored.[4] Furthermore, an electron-withdrawing group “R3”
will also enhance the (Z)-selectivity. The relative “R2”/“R4”-
configuration is still determined by the configuration of the
double bond in the reagent and the favored equatorial posi-
tioning of the bulky substituent of the aldehyde.


Hoffmann et al. synthesized their reagents either by Mat-
teson homologation using a diastereo- and enantiomerically
pure dichloromethylboronic ester or by diastereoselective
crotylation of a pure boric ester. Alternatively, appropriate
enantiomerically pure alkenylboron derivatives could be re-
arranged using thionylchloride or sodium hydroxide. Purifi-
cation proved to be difficult in all cases, the separation of
diastereomers was not possible due to the lack of stability of


Abstract: Allylboronates are highly at-
tractive reagents for allyl additions.
Enantiomerically pure, stable reagents
with a stereogenic centre in a-position
to boron are especially versatile, albeit
often difficult to synthesize. Starting
from boron-containing allyl alcohols 6
and 7, which are discussed in detail
herein, a set of reagents were obtained
via [3,3]-sigmatropic rearrangements


and consecutive transformations in the
side chain. The configurations could be
established first by chemical correla-
tion, but also by X-ray crystallography
(16, 18, 34, and 39). Allyl additions


were performed resulting in the forma-
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Scheme 1. Stereochemical reasoning of allyl additions.
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the intermediates. Nevertheless, the reagents have been suc-
cessfully applied in several natural product syntheses.[5] Fang
and Aggarwal used enantiomerically pure sulphur ylides to
perform the stereoselective rearrangement: Alkenylboron
compounds were thus converted to a-substituted allylbor-
anes.[6] Another elegant approach was recently published by
Roush et al. who used the (�)-diisopinocampheylborane for
the hydroboration of an allenylboronic ester thus generating
an allylboronic ester. After the first addition to an aldehyde,
a second allylboronic ester with a stereogenic centre a to
boron is generated that adds to a second aldehyde in a
highly diastereoselective manner. The configuration (also of
the double bond) is determined by the steric bulk of the
boronic ester. Allenes were also used as substrates for selec-
tive hydroborations or diborations including some kinetic
resolutions to furnish the corresponding reagents in high op-
tical purity.[7] The Diels–Alder reaction could also be ap-
plied to yield allylboronic esters in a highly diastereo- and
enantioselective manner.[5h,8] More recently Ito et al. report-
ed a successful allylic substitution utilizing bis(pinacolato)di-
borane to furnish the desired products.[9] Hoppe et al.
proved that allyltitanium species—derived by enantioselec-
tive deprotonation of allylcarbonates—could not only be di-
rectly used for allyl additions, but were also transformed to
enantiomerically enriched allylboronic esters or allylstan-
nanes.[10,11] It should be noted that among other methods, al-
lylstannanes could also be generated via Ireland and Es-
chenmoser rearrangement of tin-substituted allyl alcohols.
More broadly applicable are the corresponding allylsilanes
that are also accessible via the corresponding sigmatropic
reactions.[12] Allyl additions with these reagents generally
lead to (E)-configured homoallylic alcohols. The (Z)-deriva-
tives are generally more difficult to access, an obvious ad-
vantage of bulky boron reagents.


In order to enhance the stability of boron derivatives, we
introduced diol 1—readily available in both enantiomeric
forms from tartrate[13]—as a convenient protecting group
for boronic acids.[13b,14] We demonstrated that a wide variety
of transformations in the side-chain “R” of esters 2 and 3,
respectively, are possible, without cleaving the carbon�
boron bond. We speculated that the sometimes harsh reac-
tion conditions of [3,3]-sigmatropic rearrangements (general
scheme: see Figure 1) would not be a problem for this type
of compounds. Hence, the g,d-unsaturated esters 4 and 5
should be available from allyl alcohols 6 or 7. Indeed, we re-
cently demonstrated that the approach is feasible;[15] herein
we describe the full details of our findings.


Results and Discussion


Synthesis of allyl alcohols : The (E)-allyl alcohol 6 is readily
available from silyl-protected propargylic alcohols 8a or 8b,
either via direct hydroboration of 8b[13b] and consecutive de-
protection or by using a conventional one-pot hydoboration
(with dicyclohexylborane), oxidation (with Me3NO), transes-
terification (with diol 1) sequence with ether 8a as substrate


(Scheme 2);[14e,16] subsequent deprotection under acidic con-
ditions furnished the desired product 6 in 66% yield. Direct
hydroboration of the TMS-ether 8a (TMS=Me3Si) could
not be achieved. While the TMS-protecting group is cheap-
er, the TBS route (TBS= tBuMe2Si) is favored by a higher
overall yield (up to 89%). The regioisomer 9 (see
Scheme 5) was only isolated after the deprotection step in
up to 5% yield.


The synthesis of (Z)-alcohol 7 proved to be more difficult.
As an alternative to the previously reported route via the
corresponding vinyl iodide,[14f] we pursued a sequence in-
volving the syn reduction of alkynylboronates[17] which in
turn needed to be synthesized from alkyne 8 (8!10!11!
12). Despite some optimization with the pentyl-derivative
8c, we were unable to improve the yield beyond 49% (over
three steps). The limiting step was the formation of ester 11
that was achieved by treatment of the ate-complex 10 with
BF3·Et2O.[18] However, omitting the step and directly per-
forming the transesterification only led to cleavage of the


Figure 1. Abbreviations and general synthetic scheme.


Scheme 2. a) i) Cyclohexene, H3B·Me2S, 1 h, DME, 0 8C!RT; ii) 8a, 1 h;
iii) Me3NO; iv) 1; b) HCl, H2O/EtOH, 66% over 2 steps; c) diol 1,
H3B·Me2S, 3 h, CH2Cl2, 50 8C, then 8b, 120 8C; d) HF, MeCN, 0 8C, 89%
over 2 steps.
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C�B bond. With protected propargylic alcohols 8b and 8d
the yield further decreased and only 37 and 30% of alkynes
12b and 12d were obtained, respectively (Scheme 3). De-


spite the fact that the reduction of alkynylboronic ester 12b
with hydrogen in the presence of LindlarRs catalyst was ach-
ieved to furnish (Z)-olefin 13 in high yield (95%,
Scheme 4), we looked for an alternative since its deprotec-
tion yielded alcohol 7 in only 62%. On the other hand, desi-
lylation of ether 12b was readily achieved and product 14
was isolated in 96% yield as a crystalline solid; its structure
was confirmed by X-ray crystallography. Unfortunately we
were unable to successfully perform a (Z)-selective reduc-
tion of the triple bond of 14 ; no alkenylboronic ester 7
could be isolated. In our hands, a one-pot sequence includ-
ing a RhI-catalyzed hydroboration with catecholborane was
most practical:[19] After transesterification with diol 1 the
common intermediate 13 was directly obtained in moderate
yield (63%; Scheme 4).[15c]


ACHTUNGTRENNUNG[3,3]-Sigmatropic rearrangements : Next, we investigated the
possibility of [3,3]-sigmatropic rearrangements starting from
alkenylboronic esters 6, 7 and 9.[15] The initial studies were
performed utilizing alcohol 6 in a modified Johnson reac-
tion.[20] It was immediately obvious that prolonged reaction
times under the harsh reaction conditions (Table 1, entry 1)
used will always lead to decomposition of boronic esters; no
product 15 or 16 was obtained. While keeping the tempera-
ture high (135 8C; lower temperatures dramatically de-
creased the rate and ultimately the yield), different acidic
catalysts or catalyst loadings were tested (e.g. entries 2–4).
Although both, amberlyst- and montmorillonite-catalyzed
transformations provided reasonable amounts of allylboron-


ic esters 15 or 16, the best results were obtained when using
standard conditions (entry 4: 0.06 equiv propionic acid,
3.5 h, 135 8C) preventing prolonged heating and ensuring
continuous removal of ethanol. Along with the 1:1 diaste-
reomeric mixture of products (78%), 19% of the starting
material 6 could be recovered. It should be noted that the
highly stable and conveniently storable reagents are readily
separated into the diastereo- and enantiomerically pure al-
lylboronic esters 15 and 16 by means of MPLC. Under iden-
tical reaction conditions (Scheme 5) similar yields were ob-
tained when utilizing allyl alcohols ent-6 (yield: 71% of a
50:50 mixture of ent-15/ent-16 + 19% starting material re-
covered), 7 (yield: 59% of a 30:70 mixture of 15/16) or 9
(64% of 17).


The Eschenmoser rearrangement proved to be more chal-
lenging with alcohols 6, 7 and 9.[21] The temperature was cru-
cial for the success of the transformation to allylboronic
esters 18/19 (Table 2): At 60 8C no product could be detect-
ed (entry 1); however, when increasing the temperature,
�80 8C seem (entry 2) to be the optimum, since high degree
of decomposition was observed at elevated temperature
(use of xylene, entry 5, but at higher temperature). While ef-
fective removal of methanol is essential in all cases, the con-
centration of the substrate in toluene also has a marked in-
fluence on the yield (entries 2–4). Under these reaction con-
ditions a 50:50 separable, stable mixture of diastereomers
18/19 was isolated in 73% yield. While the same rearrange-
ment led to vinylboronic ester 20 in an unoptimized 44%
yield when starting from alcohol 9, none of the expected re-


Scheme 3. a) i) nBuLi, Et2O, �78 8C; ii) B ACHTUNGTRENNUNG(OiPr)3; b) i) 1.33 equiv
BF3·Et2O, THF, �78 8C; ii) diol 1, THF, �78 8C!RT.


Scheme 4. a) Catecholborane, cat. [Rh ACHTUNGTRENNUNG(cod)Cl]2, iPr3P, Et3N, cyclohexane,
RT; ii) diol 1, RT, 63%; b) HCl, H2O/EtOH, 62%; c) see Scheme 3; d)
H2, Lindlar catalyst, cyclohexane, toluene, 95%; e) HCl, H2O/MeOH,
96%.


Table 1. Johnson rearrangement with allyl alcohol 6.


Entry equiv
MeC ACHTUNGTRENNUNG(OEt)3


Catalyst T
[8C]


t
[h]


Yield [%]
15+16


1 8.6 0.21equiv EtCO2H 135 12 0
2 7.0 Amberlyst 135 5 57
3 7.0 Montmorillonite


KSF/O
135 9 65


4 7.0 0.06 equiv
EtCO2H


135 3.5 78 ACHTUNGTRENNUNG(+19 6)


Scheme 5. a) 7.00 equiv MeC ACHTUNGTRENNUNG(OEt)3, 0.06 equiv EtCO2H, 135 8C.
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arrangement products were observed when using the (Z)-
olefin 7 (Scheme 6). Instead, the only product we found was
the highly interesting homoenolate equivalent 21. We previ-


ously accounted an intramolecular complexation of the in-
termediate and a consecutive SN2’-like substitution for its
formation. However, a clear explanation for the high diaste-
reoselectivity (only the shown diastereomer is formed!) is
still elusive.


Next, we looked for further alternatives to the above
shown reactions including Claisen–Ireland-,[22] Carroll-,[23]


and Overman-type[24] rearrangements. The syntheses of the
precursors were straightforward: Direct acylation of alcohol
6 gave the desired products (yield 22 : 98%; yield 23 : 76%;
Scheme 7), the b-ketoester 24 was obtained utilizing dike-
tene (83%),[25] and the trichloro- as well as the trifluoroace-
timidates 25 (98%) and 26 (77%), respectively, were syn-
thesized according to literature procedures.[26,27] Unfortu-


nately, when treating either of the three esters 22–24 with
base (e.g. with LDA), only decomposition of the boronic
esters were observed. We then focused our efforts on the
imidates 25/26.


First, we tested thermal conditions to encourage the rear-
rangement of the chloro derivative 25 (Table 3). In refluxing
toluene no conversion was observed (entry 1), only at higher
temperature product formation was detected (entries 2–3).
Prolonged heating led to higher conversion of 25, but also
to partial decomposition of the product. While microwave
heating had no pronounced effect (entry 4), reducing the
substrate concentration resulted in highest isolated yield
(entry 5: 67% yield of 27 along with 10% starting material
25). The diastereomeric ratio of crude product was deter-


mined to be �60:40 in all cases. Pd-catalyzed variants (e. g.
ref. [28]) that enabled lower reaction temperatures, either
led to partial decomposition of the starting material or alter-
natively to considerable amounts of the undesired chloride
28 in 57% yield (entry 6+7). At this stage we did not fur-
ther pursue the approach, since all attempts to separate the
diastereomers 27 failed. We envisaged that we might over-
come the problem with the related fluoro derivatives 29
(from 26 ; Table 4). Again, only the thermal rearrangement
was successful to a minor extent (entry 1: 20% product 29
and 14% starting material 26) while the Pd-catalyzed reac-
tions led to decomposition, only (entry 2+3). Separation of
diastereomers was unsuccessful and consequently no further
optimization was attempted.


In summary, while the boronic esters investigated proved
to be more robust then previously anticipated, at this stage
only few rearrangements could be successfully performed
and led to separable mixtures of diastereomers. Best results
were obtained utilizing standard Johnson conditions furnish-
ing the corresponding carboxylic esters. While—not surpris-


Scheme 6. Rearrangements using Eschenmoser conditions.[24]


Table 2. Eschenmoser rearrangement with allyl alcohol 6.


Entry Solvent T [8C] t [h] Yield [%]
18+19


1 toluene (2 mLmmol�1 6) 60 18 0
2 toluene (2 mLmmol�1 6) 80 36 73
3 toluene (4 mLmmol�1 6) 78 20 45
4 toluene (1 mLmmol�1 6) 78 25 64
5 xylene (1 mLmmol�1 6) 80 24 65


Scheme 7. a) Et3N, cat. DMAP, CH2Cl2, Ac2O for 22 or (EtCO)2O for 23 ;
b) THF, DMAP, diketene, RT, 23 h; c) 0.20 equiv NaH, Et2O, 0 8C,
1.20 equiv Cl3CCN; d) 6.60 equiv F3CCONH2, 19.2 equiv DMSO, CH2Cl2,
�78 8C, 6.00 equiv (COCl)2, 18.0 equiv Et3N, 2.00 equiv DBU, then
1.00 equiv 6.


Table 3. Overman rearrangement with trichloroacetimidate 25.


Entry Solvent
(c=mmol 25 per mL)


T [8C]
(t [h])


Yield [%] dr 27[a]


1 toluene
ACHTUNGTRENNUNG(110 mm)


110
(11)


no conversion –


2 1,2-dichlorobenzene
ACHTUNGTRENNUNG(50 mm)


155
(56)


43 (27), 7 (25) 56:44


3 1,2-dichlorobenzene
ACHTUNGTRENNUNG(30 mm)


170
(10)


52 (27), 22 (25) 59:41


4 1,2-dichlorobenzene
ACHTUNGTRENNUNG(60 mm)


170[b]


ACHTUNGTRENNUNG(4.4)
44% 27, 21% 25 57:43


5 1,2-dichlorobenzene
ACHTUNGTRENNUNG(5 mm)


170[b]


(16)
67 (27), 10 (25) 59:41


6[c] THF
ACHTUNGTRENNUNG(33 mm)


80
(23)


57 (28) –


7[d] toluene
ACHTUNGTRENNUNG(67 mm)


80
(5)


25, decomposition –


[a] Determined by 1H NMR spectroscopy of the crude reaction mixture;
[b] heated by microwave; [c] +5 mol% [PdCl2ACHTUNGTRENNUNG(MeCN)2]; [d] +5 mol%
[Pd ACHTUNGTRENNUNG(PPh3)4], K2CO3.
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ingly—low auxiliary induced diastereoselectivity was ob-
served throughout, substrate controlled rearrangements
were previously shown to be highly selective furnishing one
diastereomer only.[15b]


Determination of configuration : Until now all configura-
tions presented were only assumed. In order to unequivocal-
ly assign them, we first turned to chemical correlations. Ini-
tially, compound 15 was directly converted to the known
diol 30 by means of reduction with LiAlH4 and oxidative
work-up (Scheme 8). The small-scale transformation fur-
nished the desired diol 30, but unfortunately as an impure
sample only. Nevertheless, the negative sign of the optical
rotation[29] already hinted to the (S)-configuration in the al-
lylboronic ester 15, but it was obviously not the ultimate
proof. Next, we turned to the allyl addition with reagent 15
and found the exclusive formation of the (Z)-olefin 31a.


Ozonolysis and reduction led to the known diol 33[30] whose
configuration confirmed the structure of homoallylic alcohol
31a and—assuming a favored transition state as depicted in
Scheme 1—thus the configuration of allylboronic ester 15.
The same sequence allowed the assignment of the (R)-ester
21. Later, X-ray crystallography confirmed not only the con-
figuration of compound 16,[15c] but also of amide 18.[31]


Modification of side chain : Based on the knowledge that
our type of boronic ester is relatively stable, we envisaged
to broaden the scope of the new reagents, for example, in
view of various orthogonal protecting group strategies, by
simple functional group interconversions.[15a] The carboxylic
ester moiety in 15 and 16 was the obvious choice for further
transformations (Scheme 9). Reduction of ester 15 to the
corresponding alcohol 34 was conveniently achieved by uti-
lizing DiBAlH (92%); the introduction of a silyl-protecting
group gave ether 35 in 98% yield. It should be noted that
X-ray crystallography confirmed the previously assigned
configuration of ester 15 by the solved structure of alcohol
34.[31] By the same sequence as described above, ester 16
could be converted first to alcohol 36 and in a consecutive
step to the new reagent 37 in 94% overall yield. Further-
more, alcohol 34 could be completely reduced by superhy-
dride reduction of the corresponding mesylate 38 (95%)
giving the ethyl derivative 39 in 68% yield; its configuration
was secured by X-ray crystallography. Analogously, the dia-
stereomeric reagent 41 was obtained from alcohol 36 via
mesylate 40.


Table 4. Overman rearrangement with trifluoroacetimidate 26.


Entry Solvent
(c=mmol 26 per mL)


T [8C]
(t [h])


Yield [%] dr 29[a]


1 1,2-dichlorobenzene
ACHTUNGTRENNUNG(17 mm)


176
(11)


20 (29), 14 (26) 55:45


2[b] toluene
ACHTUNGTRENNUNG(67 mm)


80
(5)


decomposition –


3[c] toluene
ACHTUNGTRENNUNG(67 mm)


80
(2)


decomposition –


[a] Determined by 1H NMR spectroscopy of the crude reaction mixture;
[b] +5 mol% [PdCl2 ACHTUNGTRENNUNG(MeCN)2]; [c] +5 mol% [Pd ACHTUNGTRENNUNG(PPh3)4], K2CO3.


Scheme 8. Assignment of absolute configuration. a) LiAlH4, THF,
�78 8C!RT, 2 h, then H2O2, 2 h; b) PhCHO, CH2Cl2, 0 8C!RT; c) i) O3,
CH2Cl2, �78 8C, then Me2S; ii) LiAlH4, THF 0 8C, 1 h.


Scheme 9. a) DiBAlH, THF, �78 8C; b) TBSCl, imidazole, CH2Cl2, 12 h;
c) MeSO2Cl, Et3N, CH2Cl2; d) LiEt3BH, THF.
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Allyl additions : With a plethora of reagents in our hands
and the configurations completely assigned, we turned our
attention to allyl additions utilizing all allylboronic esters
synthesized (Scheme 10).


In general, allyl additions of reagents 15, 18, 35 and 39
[abbreviated as the (S)-series] to benzaldehyde 42a were un-
problematic, the products were formed exclusively (as de-
tected by NMR of the crude products) as the (Z)-configured
olefins 31a, 43–45a (yield: 79–91%; ee > 94%). Similarly,
the enantiomers ent-31a and ent-43–45a were obtained
(yield: 67–89%; ee > 95%) from the diastereomeric boron-
ic esters 16, 19, 37 and 41 [the (R)-series]. The most unrelia-
ble substrate proved to be aldehyde 42b : Especially with
the (S)-series of reagents major amounts of the (E)-olefin
were detected in the crude product [crude 31b : 93%, Z/E
86:14; crude 43b : 98%, Z/E 70:30; crude 44b : 89%, Z/E
87:13]; yields given in Scheme 10 refer to isolated (Z)-prod-
ucts. It should be noted that (E)-43b was the only (E)-iso-
meric compound that could be obtained in pure form. When
isolating product 45b (91%) no second diastereomer was
detected. However, the enantiomeric ratio was surprisingly


low (84% ee). Within the (R)-series no such problems oc-
curred and the homoallylic alcohols ent-31b and ent-43–45b
were formed exclusively as the (Z)-diastereomers (yield:
77–97%; ee > 94%). The general trend also remained
when using aldehyde 42c albeit to a lesser extent: Whereas
in the (S)-series regularly marginal amounts of the (E)-side-
product could be detected [yields of 31c and 43–45c :
86–92%; ee > 94%], the (R)-series furnished the pure
(Z)-products ent-31c and ent-43–45c (yield: 89–92%; ee
> 87%). In a preliminary experiment it was also found that
triethylsilyl-protected glycolic aldehyde was not a suitable
substrate for allyl additions; the yields were low.


The reason for the relatively high (E)-selectivity—espe-
cially when using aldehyde 42b and reagent 18—is not com-
pletely understood (Scheme 11). The favored transition
states A and B en route to homoallylic alcohols 43b and 46
(the configuration was confirmed by transformation to the
known diol 47 and comparison of the optical rotation) are
obvious; however, why these substituents support the
pseudo-equatorial positioning of all substituents (in B) re-
mains unclear. Nevertheless, when comparing transition
state B with the related transition state C for the (R)-series,
a notable difference became obvious: One bulky group of
the remote auxiliary [C ; (R)-series only] is situated in the vi-
cinity of the residue in equatorial position thus rendering
this route irrelevant.


Scheme 10. Yields of allyl additions and ee values of their products.


Scheme 11. a) O3, CH2Cl2, �78 8C; Me2S. b) LiAlH4, THF, 56% over 2
steps.
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Allyl additions using isopropylidene glyceraldehyde : Finally,
we investigated matched/mismatched interactions between
diastereomeric reagents and an aldehyde bearing a stereo-
genic centre. Since the substrate selectivity is usually rela-
tively difficult to overcome when using isopropylidene glyc-
eraldehyde (42d),[32] we took this aldehyde for our studies.


First, we looked at the ester reagents 15 and 16 (Table 5).
The (E)-product was not observed in any case; the yields
were generally high (86–92%). Substrate-controlled addi-
tion leads to the anti-product 31d, while reagent control will
either favor 31d (entry 1: reagent 15 ; dr 97:3) or epi-31d
(entry 2: reagent 16 ; dr 30:70). Obviously, the directing
effect of the substrate cannot be overruled completely in
any case; however, with reagent 16 favoring the (R)-product
epi-31d a distinct preference for its formation was found.
Beside the influence of the stereogenic centre in a-position
to the boron moiety, the configuration of the auxiliary could
also have a directing effect. Hence we turned our attention
to the enantiomeric reagents ent-15 and ent-16 (entry 3+4),
respectively. The effect of the auxiliary is small, but distinct:
Within the limits of NMR spectroscopy only one diastereo-
mer 31 could be detected when utilizing allylboronic ester
ent-16, while the syn-product epi-31d was formed with lower
selectivity (as compared to entry 2) with reagent ent-15
(entry 3: dr 35:65). In summary, substrate control was best
matched with the (3S,4’S,5’S)-reagent ent-16.


The same trend was observed when aldehyde 42d was
treated with the remaining sets of reagents (Table 6): Again,
only (Z)-products were observed in moderate to high yield
(63–91%). In all cases the anti-products 43d–45d were pre-
dominantly formed with good to excellent selectivity when
utilizing allylboronic esters of the (S)-series (entries 1,3,5),
while the (R)-series led to the syn-products epi-43d–epi-45d,
albeit with low diastereoselectivity (entries 2,4,6). Although
diastereomerically pure products were obtained in some
cases, it should be noted that the diastereomers are not
always easily separated by column chromatography. In one
case a further derivatization was performed in order to


obtain a complete set of analytical data for the diastereoiso-
mers: An 80:20 diastereomeric mixture of homoallyl alco-
hols epi-43d and 43d were benzoylated furnishing esters
epi-48 and 48 in 90% yield; the products are readily separa-
ble by means of MPLC.


Conclusion


We have reported the synthesis of a set of new enantio- and
diastereomerically pure boron reagents for allyl additions as
well as their configurational assignment. Key reactions were
[3,3]-sigmatropic rearrangements followed by standard
transformations, albeit in the presence of the boronic ester
moiety. The scope of the consecutive allylation was shown
in detail proving that the additions were dominated by the
stereogenic centre in a-position to boron thus furnishing
predominantly (Z)-homoallylic alcohols. In some cases the
products were obtained in up to quantitative yield and/or as
a single enantiomer. With a dominant chiral substrate 42d a
conclusive investigation of matched/mismatched interaction
was performed leading either exclusively to the anti-prod-
ucts or—overcoming to some extent the substrate-selectivi-
ty—with low selectivity for the syn-products.


Experimental Section


Unless specified the reactions were carried out by using standard Schlenk
techniques under dry N2 with magnetic stirring. Glassware was oven-
dried at 120 8C over night. Solvents were dried and purified by conven-
tional methods prior to use; tetrahydrofuran (THF) was freshly distilled
from sodium/benzophenone. Common solvents for chromatography (pe-
troleum ether 40–60 8C, EtOAc) were distilled prior to use. Column chro-


Table 5. Allyl additions of reagents 15, 16 ent-15 and ent-16 to aldehyde
42d.


Entry Reagent Yield [%] dr 31d/epi-31d[a]


1 15 86 97:3
2 16 89 30:70
3 ent-15 92 35:65
4 ent-16 91 >99:1


[a] Determined by 1H NMR spectroscopy of the crude reaction mixture.


Table 6. Allyl additions of reagents 15, 16, ent-15 and ent-16 to aldehyde
42d.


Entry Reagent R2 Yield [%] Product dr[a]


1 18 CONMe2 63 43d/epi-43d >99:1
2 19 CONMe2 75 43d/epi-43d 27:73
3 35 CH2OTBS 69 44d/epi-44d 89:11
4 37 CH2OTBS 90 44d/epi-44d 29:71
5 39 CH3 81 45d/epi-45d 95:5
6 41 CH3 91 45d/epi-45d 30:70


[a] Determined by 1H NMR spectroscopy of the crude reaction mixture.
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matography and flash column chromatography were performed on silica
gel 60, 0.040–0.063 mm (230–400 mesh). TLC (monitoring the course of
the reactions) was performed on pre-coated plastic sheets (Polygram SIL
G/UV254, Macherey-Nagel) with detection by UV (254 nm) or by colo-
ration with cerium molybdenum solution [phosphomolybdic acid (25 g),
Ce ACHTUNGTRENNUNG(SO4)2·H2O (10 g), concd. H2SO4 (60 mL), H2O (940 mL)]. Preparative
medium pressure liquid chromatography (MPLC) was performed with a
Labomatic pump (MD-50/80/100), a packed column (25U300 mm or 40U
475 mm), LiChroprep, Si 60 (15–25 mm) and UV detector (254 nm).
HPLC was performed on a Pharmacia device equipped with a Chiralcel
OD or a Dionex/Gynkotek device with a Chiralcel OD-H column. 1H
and 13C NMR spectra were recorded at RT in CDCl3 with a Bruker ARX
300/500 or a Varian Inova 400. Chemical shifts are given in ppm relative
to TMS as internal standard [1H: Si ACHTUNGTRENNUNG(CH3)4 =0.00 ppm] or relative to the
resonance of the solvent (13C: CDCl3 =77.0 ppm); coupling constants J
are given in Hz. Higher order d and J values are not corrected. 13C sig-
nals were assigned by means of H,H COSY and HSQC or HMBC spec-
troscopy. Microanalyses and gas chromatographic determinations were
performed at the Institut f=r Organische Chemie, Stuttgart. Melting
points or softening ranges (B=chi 510 and B-540) are not corrected re-
spectively. Specific rotations were measured at 20 8C. IR spectra were ob-
tained on a Perkin–Elmer 283, Bruker IFS 28 or a Perkin–Elmer Spec-
trum One. MS were recorded on a Finnigan MAT 95 [FAB (NBA: 3-ni-
trobenzyl alcohol), EI, CI], a Varian MAT 711 (EI), a Finnigan MAT
LC-Q (ESI-1, LC-MS-MS) or a Applied Biosystems/MDS SCIEX 4000
Q TRAP (ESI-2, LC-MS-MS); for HRMS perfluorokerosene was the ref-
erence; directly injected solution for LC-MS-MS: one part of a 0.5 mm


solution of the substance in CH3CN, three parts CH3CN, one part 0.1%
aqueous NH4HCO2 solution. For convenience and data comparison the
boronate moieties B* and Bent* are set to the last priority of substituents
contradicting the IUPAC nomenclature. Diol 1 and diol ent-1 were syn-
thesized according to literature procedures.[13] 1-Heptyne (8c) is commer-
cially available. Benzyl propargyl ether (8d) was prepared according to a
literature procedure, but with THF as the only solvent.[33] The analytical
data are in full agreement to those previously reported.[34] (R)-Isopropyli-
dene glycerine aldehyde (42d) was prepared according to literature pro-
cedures.[35] Triethylorthoacetate was distilled prior to use, whereas N,N-
dimethylacetamiddimethylacetal was used as purchased (90% purity).
O3/O2-mixtures were prepared with the Ozon generator 500 (Fischer
technology) with an O2 stream of 150 Lh�1 (the device was adjusted to
full power) or with the Sander Labor-Ozonisator 300.5 with an O2 stream
of 100 Lh�1 and adjusted to 0.33 A.


X-ray crystallographic analysis :[31] The crystal data for compounds 14, 18
and 34 were determined with a Siemens P4 diffractometer with graphite
monochromator in the w-scan mode with CuKa (l=1.54178 X) radiation.
Alkynylboronate 14 :[31] C33H31BO5, Mr =518.41, colorless, T=293 K, crys-
tal size 0.50U0.10U0.10 mm, orthorhombic, P212121, a=10.1832(6), b=


15.8268(7), c=17.6158(15) X, V=2839.1(3) X3, Z=4, 1calcd =1.212 gcm�3,
m=0.641 mm�1, F ACHTUNGTRENNUNG(000)=1096, q range=3.75 to 59.958, 2270 measured/in-
dependent reflections, 1477 reflections with [I > 2s(I)]; the structure
was solved by direct methods and refined by full-matrix least-squares on
F2 for all data weights to R=0.0952, wR=0.2081, S=1.045, H atoms
were treated as riding atoms, max. shift/error < 0.001, residual 1max =


0.197 X�3. Alkynylboronate 18 :[31] C37H40BNO5, Mr =589.53, colorless,
T=293 K, crystal size 0.20U0.15U0.05 mm, orthorhombic, P212121, a=


10.7765(5), b=14.7879(9), c=20.8366(10) X, V=3320.6(3) X3, Z=4,
1calcd =1.179 gcm�3, m=0.613 mm�1, F ACHTUNGTRENNUNG(000)=1256, q range=3.67 to
59.998, 3200 measured/independent reflections, 1318 reflections with [I >
2s(I)]; the structure was solved by direct methods and refined by full-
matrix least-squares on F2 for all data weights to R=0.1887, wR=0.2528,
S=1.068, H atoms were treated as riding atoms, max. shift/error <


0.001, residual 1max =0.308 X�3. Allylboronate 34 :[31] C35H37BO5, Mr =


548.48, colorless, T=293 K, crystal size 0.55U0.10U0.07 mm, monoclinic,
P21, a=18.556(2), b=9.2194(18), c=19.929(3) X, V=3038.9(8) X3, Z=4,
1calcd =1.199 gcm�3, m=0.623 mm�1, F ACHTUNGTRENNUNG(000)=1168, q range=2.49 to
57.508, 4994 measured/independent reflections, 2513 reflections with [I >
2s(I)]; the structure was solved by direct methods and refined by full-
matrix least-squares on F2 for all data weights to R=0.1255, wR=0.1666,


S=0.942, H atoms were treated as riding atoms, max. shift/error
< 0.001, residual 1max =0.241 X�3.


Synthesis of allyl alcohols


(4’R,5’R,2E)-3-[4’,5’-Bis(methoxydiphenylmethyl)-1’,3’,2’-dioxaborolan-2’-
yl]prop-2-en-1-ol (6) and (4’R,5’R)-2-[4’,5’-bis(methoxydiphenylmethyl)-
1’,3’,2’-dioxaborolan-2’-yl]prop-2-en-1-ol (9) and their enantiomers (ent-6
and ent-9): Hydroboration:[14e,16a] A solution of cyclohexene (8.92 mL,
7.23 mg, 88.0 mmol, 2.00 equiv) and 1,2-dimethoxyethane (88.0 mL) was
cooled to 0 8C and stirred vigorously. H3B·Me2S (4.40 mL of a 10m solu-
tion in Me2S, 44.0 mmol, 1.00 equiv) was added via syringe; dicyclohexyl-
borane was formed as a colorless precipitate. After 15 min the reaction
mixture was warmed to RT and stirring was continued for 1 h. Alkyne
8a[16a,36] (5.64 g, 44.0 mmol, 1.00 equiv) was added and stirring continued
for 1 h while the colorless solid disappeared. Anhydrous Me3NO[37]


(6.28 g, 83.6 mmol, 1.90 equiv) was added slowly (exothermic reaction!)
to the stirred mixture, followed by (after 1 h) diol 1 (20.0 g, 44.0 mmol,
1.00 equiv). After 12 h the mixture was concentrated under reduced pres-
sure. Flash column chromatography (520 g silica gel, petroleum ether/
EtOAc 90:10) gave a mixture of compounds (24.9 g) that was directly
used for the next step.


Deprotection : The mixture was dissolved in a minimum amount of
CH2Cl2 and ethanol (240 mL) and a solution of concentrated HCl (7 mL)
in ethanol (22 mL) was added. After 45 min saturated aqueous NaHCO3


solution (22 mL) was added and the organic solvent almost completely
removed under reduced pressure. After dilution with H2O, the aqueous
phase was extracted three times with Et2O. The combined organic layer
was washed with brine, dried over MgSO4 and concentrated under re-
duced pressure. Chromatography (900 g silica gel, petroleum ether/
EtOAc 85:15 ! 80:20) led to a spectroscopically pure colorless solid
foam (15.0 g, 28.9 mmol, 66% 6 over two steps). Rf =0.28 (petroleum
ether/EtOAc 85:15); spectroscopic data is in agreement with literature
data.[13b] The regioisomer 9 was also isolated as a spectroscopically pure
colorless solid foam (7% 9, 1.53 g, 2.94 mmol) MPLC (petroleum ether/
EtOAc 85:15) afforded an analytically pure colorless solid foam. Rf =


0.36 (petroleum ether/EtOAc 85:15); all spectroscopic data are in full
agreement with those previously published {[a] (6)=�84 (c=0.50 in
CHCl3); [a]20


D (9)=�144 (c=1.0 in CHCl3); [a]20
D (ent-6)=++84 (c=1.12


in CHCl3) (obtained when starting from ent-1)}.[14g]


Synthesis of lithium alkynylboronates 10 (General procedure A):[38]


Alkyne 8 (1.00 equiv) was dissolved in Et2O (1.40 mL per mmol 8) and
cooled to �78 8C. nBuLi (1.00 equiv, 1.6m in hexane) was added and the
reaction mixture was stirred for 30 min. In a second flask BACHTUNGTRENNUNG(OiPr)3


(1.00 equiv) was dissolved in Et2O and the solution was also cooled to
�78 8C. The alkynyllithium solution was added via insulated transfer can-
nula to the B ACHTUNGTRENNUNG(OiPr)3 solution whereupon lithium alkynylboronate 10 pre-
cipitated. The suspension was first stirred at �78 8C for 1 h, followed by
4 h at RT. After concentration under reduced pressure the remaining
solid was dried for 3 h under high vacuum, stored under N2 at �20 8C
and used without further purification and characterization.


Synthesis of alkynylboronate 12 (General procedure B):[39] Lithium alky-
nylboronate 10 (1.00 equiv) was suspended in THF (1.65 mL per mmol
10) and cooled to �78 8C. BF3·Et2O (1.33 equiv) was added dropwise; the
flask was briefly taken out of the cooling bath to dissolve the solid and
was then recooled to �78 8C. In a second flask was placed diol 1
(1.66 equiv) in THF (6.25 mL per mmol 1) at �78 8C. The solution was
added via insulated transfer cannula dropwise to the boronate solution.
Stirring was continued for 1 h and at RT for 30 min followed by concen-
tration of the mixture under reduced pressure and drying under high
vacuum.


ACHTUNGTRENNUNG(4’R,5’R)-(tert-Butyldimethylsilyl)-3-[4’,5’-bis(methoxydiphenylmethyl)-
1’,3’,2’-dioxaborolan-2’-yl]propargyl ether (12b): According to GPA,
alkyne 8b[40] (2.03 mL, 1.70 g, 10.0 mmol) in Et2O (14 mL) and nBuLi
(6.7 mL of a 1.6m solution in hexane, 10 mmol) were used in the first
flask. In a second flask B ACHTUNGTRENNUNG(OiPr)3 (2.30 mL, 1.88 g, 10.0 mmol) was dis-
solved in Et2O (33 mL). Lithium alkynylboronate 10b (�10 mmol) pre-
cipitated. According to GP B, lithium alkynylboronate 10b (346 mg,
0.95 mmol) in THF (1.57 mL) was used. The suspension was treated with
BF3·Et2O (156 mL, 180 mg, 1.27 mmol) and diol 1 (682 mg, 1.50 mmol) in
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THF (10 mL). Chromatography (57 g silica gel, petroleum ether/EtOAc
97:3, 85:15, 70:30) and MPLC furnished an analytically pure colorless
solid foam (220 mg, 0.29 mmol, 37%). Rf =0.55 (petroleum ether/EtOAc
90:10); softening range 72–80 8C; [a]20


D =�17 (c=1.00 in CHCl3);
1H NMR (500 MHz, CDCl3): d =0.04 [s, 6H, Si ACHTUNGTRENNUNG(CH3)2], 0.85 (s, 9H, C-
ACHTUNGTRENNUNG(CH3)3), 2.99 (s, 6H, OCH3), 4.18 (s, 2H, 1-H), 5.34 (s, 2H, 4’-H, 5’-H),
7.22–7.38 ppm (m, 20H, arom. CH); 13C NMR (126 MHz, CDCl3): d=


�5.2 [(Si ACHTUNGTRENNUNG(CH3)2], 18.2 [CACHTUNGTRENNUNG(CH3)3], 25.7 [C ACHTUNGTRENNUNG(CH3)3], 51.8 (OCH3, C-1), 78.0
(C-4’,C-5’), 83.2 (CPh2OCH3), 100.8 (C-2), 127.5, 127.5, 127.5, 127.8,
128.4, 129.6 (arom. CH), 140.8, 141.0 ppm (arom. Cipso); C-3 was not de-
tected; IR (KBr): ñ=3420 (br); 3065, 3040, 3000 (arom. C-H-n); 2940,
2910, 2875, 2835 (aliph. C-H-n); 2805 (OCH3, C-H-n); 2180 (C=C-n);
1590, 1575, 1480 (arom. C=C-n); 1440; 1380; 1360; 1325; 1215; 1060 (C-
O-C); 820, 795, 760 (TBS); 740 (Ph, C-H-dout of plane); 680 (Ph, ring-d);
615 cm�1; MS (FAB, matrix: NBA+NaI): m/z (%): 788 (2), 661 (2), 655
(7) [M+Na+], 638 (9), 197 (100) [Ph2COMe+], 167 (11) [Ph2CH+], 105
(11) [PhCO+], 77 (5) [Ph+]; elemental analysis calcd (%) for
C39H45BO5Si (632.7): C 74.04, H 7.17, found: C 73.86, H 7.23.


ACHTUNGTRENNUNG(4’R,5’R)-1-[4’,5’-Bis(methoxydiphenylmethyl)-1’,3’,2’-dioxaborolan-2’-
yl]hept-1-yne (12c): According to GPA, 1-heptyne (8b) (1.31 mL,
963 mg, 10.0 mmol) in Et2O (14 mL) and nBuLi (6.7 mL of a 1.6m solu-
tion in hexane, 10 mmol) were used in the first flask. In a second flask B-
ACHTUNGTRENNUNG(OiPr)3 (2.30 mL, 1.88 g, 10.0 mmol) was dissolved in Et2O (33 mL). Lith-
ium 1-heptyn-1-ylboronate (10c) (�10 mmol) precipitated. According to
(GP B), 10c (279 mg, 0.96 mmol) in THF (1.58 mL) was used. The sus-
pension was treated with BF3·Et2O (157 mL, 182 mg, 1.28 mmol) and diol
1 (727 mg, 1.60 mmol) in THF (10 mL). Chromatography (50 g silica gel,
petroleum ether/EtOAc 95:5) yielded an analytically pure colorless solid
foam (262 mg, 0.47 mmol, 49%). Rf =0.69 (petroleum ether/EtOAc
85:15); softening range 84–88 8C; [a]20


D =�21 (c=0.26 in CHCl3);
1H NMR (500 MHz, CDCl3): d=0.04 (t, 3J=7.0 Hz, 3H, 7-H), 1.26 (m,
4H, 5-H, 6-H), 1.39–1.43 (m, 2H, 4-H), 2.08 (t, 3J=7.2 Hz, 2H, 3-H),
2.99 (s, 6H, OCH3), 5.33 (s, 2H, 4’-H, 5’-H), 7.24–7.37 ppm (m, 20H,
arom. CH); 13C NMR (126 MHz in CDCl3): d=13.9 (C-7), 19.4 (C-3),
22.1 (C-6), 27.6 (C-4), 30.8 (C-5), 51.8 (OCH3), 77.8 (C-4’, C-5’), 83.1
(CPh2OCH3), 104.4 (C-2), 127.5, 127.5, 127.8, 128.4, 129.7 (arom. CH),
140.8, 141.0 ppm (arom. Cipso), C-1 was not detected; IR (KBr): ñ =3410
(br), 3065, 3035, 3000 (arom. C-H-n), 2935, 2910, 2835 (aliph. C-H-n),
2805 (OCH3, C-H-n), 2175 (C=C-n), 1590, 1575, 1485 (arom. C=C-n),
1435, 1330, 1210, 1060 (C-O-C); 1020, 950, 740 (Ph, C-H-dout of plane), 680
(Ph, ring-d), 615 cm�1; MS (EI, 70 eV): m/z (%): 558 (0.2) [M+], 526 (2)
[M�MeOH+], 197 (100) [Ph2COMe+], 167 (1) [Ph2CH+], 105 (4)
[PhCO+], 77 (1) [Ph+]; elemental analysis calcd (%) for C37H39BO4


(558.5): C 79.57, H 7.04, found: C 79.46, H 7.06.


(4’’R,5’’R)-Benzyl-3-[4’’,5’’-bis(methoxydiphenylmethyl)-1’’,3’’,2’’-dioxa-
borolan-2’’-yl] propargyl ether (12d): According to GPA, benzyl protect-
ed propargylic alcohol 8d (1.46 g, 10.0 mmol, 1.00 equiv) in Et2O (14 mL,
1.40 mL per mmol 8d) and nBuLi (6.7 mL of a 1.6m solution in hexane,
10 mmol) were used in the first flask. In a second flask B ACHTUNGTRENNUNG(OiPr)3


(2.30 mL, 1.88 g, 10.0 mmol) was dissolved in Et2O (33 mL). Lithiumal-
kynyl boronate 10d (�10 mmol) precipitated. According to GP B, 10d
(323 mg, 0.95 mmol) in THF (1.58 mL) was used. The suspension was
treated with BF3·Et2O (156 mL, 180 mg, 1.27 mmol) and diol 1 (682 mg,
1.50 mmol, 1.58 equiv) in THF (10 mL). Chromatography (60 g silica gel,
petroleum ether/EtOAc 97:3) and MPLC yielded an analytically pure
colorless solid foam (175 mg, 0.29 mmol, 30%). Rf =0.42 (petroleum
ether/EtOAc 90:10); softening range 67–80 8C; [a]20


D =�3 (c=0.80 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=3.00 (s, 6H, OCH3), 4.04 (s,
2H, 1-H), 4.48 (s, 2H, 1’-H), 5.38 (s, 2H, 4’’-H, 5’’-H), 7.23–7.39 ppm (m,
25H, arom. CH); 13C NMR (126 MHz, CDCl3): d =51.8 (OCH3), 57.3 (C-
1), 71.3 (C-1’), 78.1 (C-4’’, C-5’’), 83.1 (CPh2OCH3), 97.9 (C-2), 127.5,
127.5, 127.6, 127.9, 127.9, 128.1, 128.4, 128.4, 129.6 (arom. CH), 137.2,
140.7, 140.8 ppm (arom. Cipso); C-3 was not detected; IR (KBr): ñ =3435
(br); 3065, 3040, 3010 (arom. C-H-n); 2950, 2920, 2880 (aliph. C-H-n);
2815 (OCH3, C-H-n); 2180 (C=C-n); 1590, 1575, 1480 (arom. C=C-n);
1435; 1380; 1360; 1325; 1215; 1060 (C-O-C); 740 (Ph, C-H-dout of plane); 680
(Ph, ring-d); 610; 555; 465 cm�1; MS (FAB, matrix: NBA+NaI): m/z
(%): 788 (2), 661 (1), 638 (11), 631 (4) [M+Na+], 197 (100) [Ph2COMe+],


167 (13) [Ph2CH+], 105 (21) [PhCO+]; elemental analysis calcd (%) for
C40H37BO5 (608.5): C 78.95, H 6.13, found: C 78.89, H 6.18.


(4’R,5’R,2Z)-tert-Butyldimethylsilyl-3-[4’,5’-bis(methoxydiphenylmethyl)-
1’,3’,2’-dioxaborolan-2’-yl] prop-2-en-1-yl ether (13): Procedure 1:[19] To a
solution of [Rh ACHTUNGTRENNUNG(cod)Cl]2 (7 mg, 14 mmol) in cyclohexane (3.00 mL) was
added successively (iPr)3P (13 mL, 11 mg, 60 mmol, purity: 90%), Et3N
(139 mL, 101 mg, 1.00 mmol) and catecholborane (120 mg, 1.00 mmol).
After 30 min alkyne 8b (243 mL, 204 mg, 1.20 mmol) was added in one
batch. Diol 1 (681 mg, 1.50 mmol) was added after 5 h. After 12 h the
mixture was concentrated under reduced pressure. Purification by flash
column chromatography (30 g silica gel, petroleum ether/EtOAc 95:5)
gave a slightly impure yellowish solid foam (63% 13, 398 mg,
0.63 mmol). When increasing the amount of catalyst {0.03 equiv [Rh-
ACHTUNGTRENNUNG(cod)Cl]2, 0.12 equiv (iPr)3P and 2.00 equiv Et3N} an improved yield
(81%) was observed in one case. Procedure 2 : Lindlar catalyst (5 mg)
and alkyne 12b (32 mg, 0.05 mmol) were suspended/dissolved in toluene
(2 mL). The flask was briefly evacuated and flooded with H2 for several
times. The reaction mixture was stirred for 1 h while the flask was con-
nected to a ballon containing H2. The mixture was directly loaded on a
column conditioned with petroleum ether (10 g silica gel); elution with
petroleum ether/EtOAc 97:3 furnished a slightly impure (the consecutive
MPLC a spectroscopically pure) colorless solid foam (95%, 30 mg,
50 mmol). Rf =0.78 (petroleum ether/EtOAc 85:15); 1H NMR (500 MHz
in CDCl3): d =�0.12, �0.10 [2s, 6H, Si ACHTUNGTRENNUNG(CH3)2], 0.82 [s, 9H, C ACHTUNGTRENNUNG(CH3)3],
3.01 (s, 6H, OCH3), 3.93 (ddd, 2J=15.0, 3J=5.3, 4J=1.9 Hz, 1H, 1-Ha),
4.03 (ddd, 2J=15.0, 3J=5.6, 4J=1.9 Hz, 1H, 1-Hb), 4.94 (ddd, 3J=13.9,
4J=1.9, 4J=1.9 Hz, 1H, 3-H), 5.34 (s, 2H, 4’-H, 5’-H), 6.24 (ddd, 3J=


13.9, 3J=5.6, 3J=5.3 Hz, 1H, 2-H), 7.23–7.35 ppm (m, 20H, arom. CH);
13C NMR (126 MHz in CDCl3): d =�5.3, �5.2 [SiACHTUNGTRENNUNG(CH3)2], 18.3 [C ACHTUNGTRENNUNG(CH3)3],
25.9 [C ACHTUNGTRENNUNG(CH3)3], 51.7 (OCH3), 63.0 (C-1), 77.4 (C-4’, C-5’), 83.3
(CPh2OCH3), 115.7 (C-3), 127.3, 127.3, 127.5, 127.8, 128.3, 129.6 (arom.
CH), 141.1, 141.3 (arom. Cipso), 154.7 ppm (C-2); IR (KBr): ñ=3420 (br),
3070, 3040, 3000 (arom. C-H-n), 2940, 2910, 2875 (aliph. C-H-n), 2810
(OCH3, C-H-n), 1620 (olef. C=C-n), 1590, 1570, 1485 (arom. C=C-n),
1435, 1410, 1245, 1170, 1070, 1060, 820, 795, 755 (TBS), 740 (Ph, C-H-
dout of plane), 680 cm�1 (Ph, ring-d).


ACHTUNGTRENNUNG(4’R,5’R)-3-[4’,5’-Bis(methoxydiphenylmethyl)-1’,3’,2’-dioxaborolan-2’-yl]
prop-2-yn-1-ol (14): TBS-protected propargyl alcohol 12b (260 mg,
0.41 mmol) was dissolved in MeOH (3 mL, 7.32 mL per mmol 12b) and a
solution of concentrated HCl (51 mL) in MeOH (0.45 mL) was added.
After 5 min the reaction mixture was diluted with CH2Cl2 and 5% aque-
ous NaHCO3 solution (1.4 mL) was added. The aqueous layer was ex-
tracted twice with CH2Cl2 (5 mL). The combined organic layer was
washed with brine, dried over Na2SO4 and concentrated under reduced
pressure. Chromatography (20 g silica gel, petroleum ether/EtOAc 85:15)
gave an analytically pure colorless solid foam (205 mg, 0.40 mmol, 96%).
Rf =0.07 (petroleum ether/EtOAc 90:10); m.p. 196–198 8C; [a]20


D =�36
(c=0.50 in CHCl3);


1H NMR (500 MHz, CDCl3): d=1.39 (t, 3J=6.3 Hz,
1H, OH), 3.00 (s, 6H, OCH3), 4.14 (d, 3J=6.3 Hz, 2H, 1-H), 5.36 (s, 2H,
4’-H, 5’-H), 7.23–7.34 ppm (m, 20H, arom. CH); 13C NMR (126 MHz,
CDCl3): d=51.3 (C-1), 51.8 (OCH3), 78.1 (C-4’,C-5’), 83.1 (CPh2OCH3),
127.5, 127.6, 127.6, 127.9, 128.4, 129.6 (arom. CH), 140.7, 140.8 ppm
(arom. Cipso), C-2 and C-3 were not detected; IR (KBr): ñ =3550 (br, O-
H-n); 3500 (br); 3070, 3040, 3015, 3005 (arom. C-H-n); 2955, 2950, 2915,
2880, 2840, 2830 (aliph. C-H-n); 2805 (OCH3, C-H-n); 2180 (C=C-n);
1590, 1570, 1485 (arom. C=C-n); 1450; 1390; 1365; 1330; 1220; 1065 (C-
O-C); 1015; 1000; 950; 740 (Ph, C-H-dout of plane); 690 (Ph, ring-d);
615 cm�1; MS (EI, 70 eV): m/z (%): 518 (0.03) [M+], 486 (2)
[M�MeOH+], 197 (100) [Ph2COMe+], 167 (3) [Ph2CH+], 105 (12)
[PhCO+], 77 (5) [Ph+]; elemental analysis calcd (%) for C33H31BO5


(518.4): C 76.46, H 6.03, found: C 76.38, H 6.12.


(4’R,5’R,2Z)-3-[4’,5’-Bis(methoxydiphenylmethyl)-1’,3’,2’-dioxaborolan-2’-
yl]prop-2-en-1-ol (7): Silylether 13 (561 mg, 0.88 mmol, 1.00 equiv) was
dissolved in the minimal amount of CH2Cl2 and EtOH (6.70 mL). A solu-
tion of concentrated HCl (140 mL) in EtOH (1.30 mL) was added. After
1 h the mixture was neutralized with saturated aqueous NaHCO3 solution
(1 mL); the solvents were removed under reduced pressure. After addi-
tion of H2O the aqueous layer was extracted three times with Et2O. The
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combined organic layer was washed with brine, dried over MgSO4 and
concentrated under reduced pressure. Chromatography (17 g silica gel,
petroleum ether/EtOAc 87:13) gave a spectroscopically pure colorless
solid foam (340 mg, 0.65 mmol, 74%). Rf =0.22 (petroleum ether/EtOAc
85:15); softening range 60–78 8C, [a]20


D =�148 (c=0.36 in CHCl3), spec-
troscopic data are in full agreement to those previously reported.[14f]


ACHTUNGTRENNUNG[3,3]-Sigmatropic rearrangements


Johnson rearrangement (General procedure C): In a flask, fitted to a
Claisen condenser and a drying tube, the appropriate allyl alcohol
(1.00 equiv) was dissolved in freshly distilled triethylorthoacetate
(7.00 equiv); propionic acid (0.06 equiv) was added. The reaction mixture
was heated to 135 8C for the time indicated and the generated EtOH was
removed. The reaction mixture was cooled, concentrated under reduced
pressure and subjected to chromatographic purification.


(3S,4’R,5’R)- and (3R,4’R,5’R)-Ethyl 3-[4’,5’-bis(methoxydiphenylmeth-
yl)-1’,3’,2’-dioxaborolan-2’-yl]pent-4-enoate (15 and 16) and their enantio-
mers (ent-15 and ent-16): According to GP C allyl alcohol 6 (26.0 g,
50.0 mmol) was treated with triethylorthoacetate (63.9 mL, 65.5 g,
40.4 mmol,) under catalysis of propionic acid (225 mL, 222 mg,
3.00 mmol). The reaction mixture was heated for 3.5 h; the dr (as deter-
mined by proton NMR of the crude mixture) was 50:50. Chromatography
(700 g silica gel, petroleum ether/EtOAc 98:2 ! 85:15) gave the mixture
of diastereomers 15/16 (23.1 g, 39.1 mmol, 78%) and starting material 6
(5.05 g, 9.70 mmol, 19%). MPLC (petroleum ether/EtOAc 98:2) gave
two analytically pure solid foams (15 and 16). Allylboronate 15 : Rf =0.68
(petroleum ether/EtOAc 85:15); softening range: 49–62 8C; [a]20


D (15)=


�108 (c=0.67 in CHCl3); [a]20
D (ent-15)=++110 (c=1.19 in CHCl3) (ob-


tained when starting from ent-6); 1H NMR (500 MHz, CDCl3): d=1.13
(t, 3J=7.1 Hz, 3H, 2’’-H), 1.90–1.94 (m, 1H, 3-H), 1.98–2.10 (m, 2H, 2-
H), 3.00 (s, 6H, OCH3), 3.93 (q, 3J=7.1 Hz, 2H, 1’’-H), 4.70 (ddd, 3J=


17.2, 2J=1.5, 4J=1.5 Hz, 1H, 5-HZ), 4.77 (ddd, 3J=10.5, 2J=1.5, 4J=


1.5 Hz, 1H, 5-HE), 5.30 (s, 2H, 4’-H, 5’-H), 5.56 (ddd, 3J=17.2, 3J=10.5,
3J=6.9 Hz, 1H, 4-H); 7.24–7.35 ppm (m, 20H, arom. CH); 13C NMR
(126 MHz, CDCl3): d =14.1 (C-2’’), 25.0 (C-3), 33.0 (C-2), 51.7 (OCH3),
60.0 (C-1’’), 77.9 (C-4’, C-5’), 83.2 (CPh2OCH3), 112.7 (C-5), 127.3, 127.4,
127.5, 127.8, 128.4, 129.7 (arom. CH), 137.3 (C-4), 141.1, 141.1 (arom.
Cipso), 173.1 ppm (C-1); IR (KBr): ñ=3430 (br); 3060, 3040, 3000 (arom.
C-H-n); 2960, 2920, 2880 (aliph. C-H-n); 2805 (OCH3, C-H-n); 1730 (C=


O-n); 1625 (olef. C=C-n); 1590, 1570, 1480 (arom. C=C-n); 1440; 1360;
1060 (C-O-C); 1020; 985, 950 (CH=CH2, C-H-dout of plane); 740 (Ph, C-H-
dout of plane); 690 cm�1 (Ph, ring-d); MS (FAB, matrix: NBA+NaI): m/z
(%): 613 (14) [M+Na+], 333 (10), 197 (100) [CPh2OMe+], 167 (5)
[Ph2CH+], 105 (11) [PhCO+], 77 (5) [Ph+]; elemental analysis calcd (%)
for C37H39BO6 (590.5): C 75.26, H 6.66, found: C 75.25, H 6.67. Allylboro-
nate 16 : Rf =0.68 (petroleum ether/EtOAc 85:15); softening range: 41–
60 8C; [a]20


D (16)=�98 (c=0.32 in CHCl3), [a]20
D (ent-16)=++102 (c=1.19


in CHCl3) (obtained when starting from ent-6); 1H NMR (500 MHz,
CDCl3): d=1.13 (t, 3J=7.1 Hz, 3H, 2’’-H), 1.90–1.94 (m, 1H, 3-H), 2.05–
2.14 (m, 2H, 2-H), 2.99 (s, 6H, OCH3), 3.99 (q, 3J=7.1 Hz, 2H, 1’’-H),
4.70 (ddd, 3J=17.2, 2J=1.4, 4J=1.4 Hz, 1H, 5-HZ), 4.75 (ddd, 3J=10.3,
2J=1.4, 4J=1.4 Hz, 1H, 5-HE), 5.32 (s, 2H, 4’-H, 5’-H), 5.41 (ddd, 3J=


17.2, 3J=10.3, 3J=7.8 Hz, 1H, 4-H), 7.25–7.32 ppm (m, 20H, arom. CH);
13C NMR (126 MHz, CDCl3): d=14.2 (C-2’’), 25.4 (C-3), 33.8 (C-2), 51.8
(OCH3), 60.0 (C-1’’), 77.9 (C-4’, C-5’), 83.3 (CPh2OCH3), 113.6 (C-5),
127.4, 127.4, 127.6, 127.8, 128.4, 129.7 (arom. CH), 136.8 (C-4), 141.2,
141.2 (arom. Cipso), 172. 9 ppm (C-1); IR (KBr): ñ=3420 (br); 3065, 3040,
3005 (arom. C-H-n); 2960, 2915, 2880 (aliph. C-H-n); 2805 (OCH3, C-H-
n); 1730 (C=O-n); 1625 (olef. C=C-n); 1590, 1575, 1482 (arom. C=C-n);
1450; 1437; 1360; 1060 (C-O-C); 1020; 985, 950 (CH=CH2, C-H-
dout of plane); 740 (Ph, C-H-dout of plane); 690 cm�1 (Ph, ring-d); MS (FAB,
matrix: NBA+NaI): m/z (%): 613 (12) [M+Na+], 333 (6), 197 (100)
[CPh2OMe+], 167 (6) [Ph2CH+], 105 (11) [PhCO+], 77 (4) [Ph+]; ele-
mental analysis calcd (%) for C37H39BO6 (590.5): C 75.26, H 6.66, found:
C 75.32, H 6.68.


(3S,4’R,5’R)- and (3R,4’R,5’R)-Ethyl 3-[4’,5’-bis(methoxydiphenylmeth-
yl)-1’,3’,2’-dioxaborolan-2’-yl]pent-4-enoate (15 and 16): According to
GP C, allyl alcohol 7 (101 mg, 0.19 mmol) was treated with triethylor-
thoacetate (248 mL, 220 mg, 1.36 mmol,) under catalysis of propionic acid


(1 mL, 1 mg, 0.01 mmol). The reaction mixture was heated for 3 h; dr
30:70 (determined by proton NMR of the crude mixture). Chromatogra-
phy (4 g silica gel, petroleum ether/EtOAc 93:7) yielded the mixture of
diastereomers 15/16 (68 mg, 0.12 mmol, 59%) as a slightly impure color-
less solid foam. Analytical data: see above.


ACHTUNGTRENNUNG(4’R,5’R)-Ethyl 4-[4’,5’-bis(methoxydiphenylmethyl)-1’,3’,2’-dioxaborolan-
2’-yl]pent-4-enoate (17): According to GP C, allyl alcohol 9 (239 mg,
0.46 mmol) was treated with triethylorthoacetate (587 mL, 522 mg,
3.21 mmol) under catalysis of propionic acid (2 mL, 2 mg, 0.03 mmol.).
The reaction mixture was heated for 1 h. Chromatography (25 g silica
gel, petroleum ether/EtOAc 95:5) gave a slightly impure colorless solid
foam of 17 (184 mg, 0.31 mmol, 68%), MPLC (petroleum ether/EtOAc
98:2) furnished an analytically pure sample. Rf =0.61 (petroleum ether/
EtOAc 85:15); softening range: 37–43 8C; [a]20


D =�122 (c=0.94 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=1.20 (t, 3J=7.1 Hz, 3H, 2’’-H),
2.00–2.15 (m, 4H, 2-H, 3-H), 2.99 (s, 6H, OCH3), 4.05 (q, 3J=7.1 Hz, 2H,
1’’-H), 5.35 (s, 2H, 4’-H, 5’-H), 5.40 (s, 2H, 5-H), 7.23–7.36 ppm (m, 20H,
arom. CH); 13C NMR (126 MHz, CDCl3): d =14.2 (C-2’’), 29.8 (C-3), 33.4
(C-2), 51.8 (OCH3), 60.0 (C-1’’), 77.8 (C-4’, C-5’), 83.3 (CPh2OCH3),
127.2, 127.3, 127.5, 127.8, 128.4, 129.6 (arom. CH), 130.0 (C-5), 141.2,
141.4 (arom. Cipso), 173.4 ppm (C-1), C-4 was not detected; IR (KBr): ñ=


3440 (br); 3070, 3045, 3010 (arom. C-H-n); 2960, 2920, 2890 (aliph. C-H-
n); 2815 (OCH3, C-H-n); 1730 (C=O-n); 1610 (olef. C=C-n); 1590, 1570,
1480 (arom. C=C-n); 1435; 1410; 1370; 1210; 1160; 1060 (C-O-C); 1015;
1000; 950; 740 (Ph, C-H-dout of plane); 685 cm�1 (Ph, ring-d); MS (FAB,
matrix: NBA+NaI): m/z (%): 613 (54) [M+Na+], 333 (6), 197 (100)
[CPh2OMe+], 167 (7) [Ph2CH+], 105 (15) [PhCO+], 77 (6) [Ph+]; ele-
mental analysis calcd (%) for C37H39BO6 (590.5): C 75.26, H 6.66, found:
C 75.29, H 6.65.


(3S,4’R,5’R)- and (3R,4’R,5’R)-3-[4’,5’-Bis(methoxydiphenylmethyl)-
1’,3’,2’-dioxaborolan-2’-yl]-N,N-dimethylpent-4-enamide (18 and 19): A
flask containing allyl alcohol 6 (500 mg 0.96 mmol) dissolved in toluene
(2 mL) and N,N-dimethylacetamide dimethylacetal (281 mL, 255 mg,
1.92 mmol) was fitted to a Claisen condenser and a drying tube. The reac-
tion mixture was heated for 36 h at precisely 80 8C and the evolving
MeOH was removed. The mixture was concentrated under reduced pres-
sure; the dr (as determined by proton NMR of the crude mixture) was
50:50. Chromatography (25 g silica gel, petroleum ether/EtOAc 70:30)
yielded the slightly impure mixture of diastereomers 18/19, (415 mg,
0.71 mmol, 73%) and 2 (R=OH: 175 mg, 0.16 mmol, 16%). MPLC (pe-
troleum ether/EtOAc 70:30) furnished two analytically pure solid foams
(18 and 19). Allylboronate 18 : Rf =0.11 (petroleum ether/EtOAc 85:15);
softening range: 51–72 8C; [a]20


D =�124 (c=0.25 in CHCl3);
1H NMR


(500 MHz, CDCl3): d=1.98 (d, 3J=7.5 Hz, 2H, 2-H), 2.10 (td, 3J=7.2,
3J=6.7 Hz, 1H, 3-H), 2.67, 2.74 [2s, 6H, N ACHTUNGTRENNUNG(CH3)2)], 3.00 (s, 6H, OCH3),
4.66 (ddd, 3J=17.2, 2J=1.6, 4J=1.6 Hz, 1H, 5-HZ), 4.76 (ddd, 3J=10.5,
2J=1.6, 4J=1.6 Hz, 1H, 5-HE), 5.30 (s, 2H, 4’-H, 5’-H), 5.62 (ddd, 3J=


17.2, 3J=10.5, 3J=6.7 Hz, 1H, 4-H), 7.24–7.33 ppm (m, 20H, arom. CH);
13C NMR (126 MHz, CDCl3): d =24.9 (C-3), 30.8 (C-2), 35.4, 37.3 [N-
ACHTUNGTRENNUNG(CH3)2], 51.7, 51.7 (OCH3), 77.8 (C-4’, C-5’), 83.2 (CPh2OCH3), 112.0 (C-
5), 127.2, 127.3, 127.5, 127.8, 128.5, 129.7 (arom. CH), 138.3 (C-4), 141.0,
141.1 (arom. Cipso), 172.3 ppm (C-1); IR (KBr): ñ=3420 (br); 3070, 3040,
3005 (arom. C-H-n); 2960, 2920, 2890 (aliph. C-H-n); 2810 (OCH3, C-H-
n); 1640 (C=O-n); 1590, 1570, 1480 (arom. C=C-n); 1450, 1435; 1380;
1360; 1340; 1220; 1185; 1060 (C-O-C); 1015; 985, 950 (CH=CH2, C-H-
dout of plane); 740 (Ph, C-H-dout of plane); 690 (Ph, ring-d); 680; 615; 590 cm�1;
MS (FAB, matrix: NBA+NaI): m/z (%): 612 (100) [M+Na+], 332 (17),
197 (24) [CPh2OMe+], 168 (6) [Ph2CH2


+], 105 (5) [PhCO+], 77 (3) [Ph+];
elemental analysis calcd (%) for C37H40BNO5 (589.5): C 75.38, H 6.84, N
2.38, found: C 75.10, H 6.96, N 2.38.


Allylboronate 19 : Rf =0.08 (petroleum ether/EtOAc 85:15); softening
range: 52–71 8C; [a]20


D =�108 (c=0.16 in CHCl3);
1H NMR (500 MHz,


CDCl3): d=2.03 (ddd, 3J=11.4,3J=7.7, 3J=3.2 Hz, 1H, 3-H), 2.04 (dd,
2J=15.8 , 3J=3.2 Hz, 1H, 2-Ha), 2.15 (dd, 2J=15.8, 3J=11.4 Hz, 1H, 2-
Hb), 2.84, 2.84 [2s, 6H, N ACHTUNGTRENNUNG(CH3)2], 2.99 (s, 6H, OCH3), 4.68 (ddd, 3J=


17.1, 2J=1.5, 4J=1.5 Hz, 1H, 5-HZ), 4.74 (ddd, 3J=10.2, 2J=1.5, 4J=


1.5 Hz, 1H, 5-HE), 5.32 (s, 2H, 4’-H, 5’-H), 5.44 (ddd, 3J=17.1, 3J=10.2,
3J=7.7 Hz, 1H, 4-H), 7.24–7.34 ppm (m, 20H, arom. CH); 13C NMR
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(126 MHz, CDCl3): d =25.3 (C-3), 32.3 (C-2), 35.4, 37.2 [N ACHTUNGTRENNUNG(CH3)2], 51.8
(OCH3), 77.9 (C-4’, C-5’), 83.4 (CPh2OCH3), 113.6 (C-5), 127.3, 127.4,
127.5, 127.8, 128.4, 129.7 (arom. CH), 137.5 (C-4), 141.1, 141.2 (arom.
Cipso), 172.1 ppm (C-1); IR (KBr): ñ=3430 (br); 3070, 3040, 3010 (arom.
C-H-n); 2920, 2890 (aliph. C-H-n); 2810 (OCH3, C-H-n); 1640 (C=O-n);
1590, 1575, 1480 (arom. C=C-n); 1450, 1435; 1380; 1360; 1340; 1220;
1185; 1060 (C-O-C); 1020; 1000; 985, 950 (CH=CH2, C-H-dout of plane); 740
(Ph, C-H-dout of plane); 690 (Ph, ring-d); 680; 610; 585 cm�1; MS (FAB,
matrix: NBA+NaI): 612 (100) [M+Na+], 332 (46), 197 (49) [CPh2OMe+


], 168 (13) [Ph2CH2
+], 105 (6) [PhCO+], 77 (3) [Ph+]; elemental analysis


calcd (%) for C37H40BNO5 (589.5): C 75.38, H 6.84, N 2.38, found: C
75.15, H 6.94, N 2.19.


ACHTUNGTRENNUNG(4’R,5’R)-4-[4’,5’-Bis(methoxydiphenylmethyl)-1’,3’,2’-dioxaborolan-2’-
yl]-N,N-dimethylpent-4-enamide (20): Allyl alcohol 9 (297 mg,
0.57 mmol) was dissolved in toluene (570 mL) and N,N-dimethylforma-
mide dimethylacetal (167 mL, 152 mg, 1.14 mmol) was added. The reac-
tion mixture was heated for 16 h to 70 8C and was concentrated under re-
duced pressure. Chromatography (19 g silica gel, petroleum ether/EtOAc
70:30 ! 60:40) gave an analytically pure colorless solid foam of amide
20 (147 mg, 0.25 mmol, 44%). Rf =0.09 (petroleum ether/EtOAc 70:30);
softening range: 49–65 8C; [a]20


D =�128 (c=0.54 in CHCl3);
1H NMR


(500 MHz, CDCl3): d=1.90–2.13 (m, 4H, 2-H, 3-H), 2.71, 2.85 [2 s, 6H,
N ACHTUNGTRENNUNG(CH3)2], 3.01 (s, 6H, OCH3), 5.37 (s, 2H, 4’-H, 5’-H), 5.40 (d, 2J=


3.4 Hz, 1H, 5-Ha), 5.45 (d, 2J=3.4 Hz), 7.24–7.35 ppm (m, 20H, arom.
CH); 13C NMR (126 MHz, CDCl3): d=31.3 (C-3), 33.5 (C-2), 35.2, 37.1
[N ACHTUNGTRENNUNG(CH3)2], 51.8 (OCH3), 77.8 (C-4’, C-5’), 83.4 (CPh2OCH3), 127.2, 127.3,
127.5, 127.8, 128.5, 129.7 (arom. CH), 130.7 (C-5), 141.1, 141.3 (arom.
Cipso), 173.0 ppm (C-1), C-4 was not detected; IR (KBr): ñ=3420 (br);
3070, 3040, 3010 (arom. C-H-n); 2920 (br, aliph. C-H-n); 2810 (OCH3, C-
H-n); 1650 (amide I, C=O-n); 1640 (amide II, N-H-bending); 1590, 1570,
1480 (arom. C=C-n); 1435; 1210; 1185; 1060 (C-O-C); 1020; 1000; 950;
740 (Ph, C-H-dout of plane); 680 cm�1 (Ph, ring-d); MS (FAB, matrix: NBA+


NaI): m/z (%): 612 (89) [M+Na+], 332 (96), 197 (100) [CPh2OMe+], 168
(18) [Ph2CH2


+], 105 (10) [PhCO+], 77 (7) [Ph+]; elemental analysis
calcd (%) for C37H40BNO5 (589.5): C 75.38, H 6.84, N 2.38, found: C
75.25, H 6.94, N 2.22.


(1R,4’R,5’R)-1-(4’,5’-Bis(methoxydiphenylmethyl)-1’,3’,2’-dioxaborolan-
2’-yl)-1-methoxy-2-propene (21): Allyl alcohol 7 (160 mg, 0.31 mmol) was
dissolved in toluene (300 mL) and N,N-dimethylformamide dimethylace-
tal (90 mL, 82 mg, 0.62 mmol) was added. The reaction mixture was
heated to 70 8C for 4 h, concentrated under reduced pressure. Chroma-
tography (12 g silica gel, petroleum ether/EtOAc 95:5) gave a slightly
impure, MPLC (petroleum ether/EtOAc 95:5) an analytically pure color-
less solid foam of ether 21 (92 mg, 0.17 mmol, 56%). Rf =0.38 (petroleum
ether/EtOAc 90:10); softening range: 50–67 8C; [a]20


D =�124 (c=0.54 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=3.00 (s, 6H, OCH3), 3.09 (ddd,
3J=6.8, 4J=1.6, 4J=1.6 Hz, 1H, 1-H), 3.12 (s, 3H, 1-OCH3), 4.97 (ddd,
3J=10.5, 2J=1.7, 4J=1.6 Hz, 1H, 3-HE), 4.98 (ddd, 3J=17.2, 2J=1.7, 4J=


1.6 Hz, 1H, 3-HZ), 5.36 (s, 2H, 4’-H, 5’-H), 5.48 (ddd, 3J=17.2, 3J=10.5,
3J=6.8 Hz, 1H, 2-H), 7.23–7.36 ppm (m, 20H, arom. CH); 13C NMR
(126 MHz, CDCl3): d =51.7 (OCH3), 58.0 (1-OCH3), 72.4 (C-1), 78.0 (C-
4’, C-5’), 83.2 (CPh2OCH3), 114.3 (C-3), 127.4, 127.4, 127.5, 127.8, 128.4,
129.7 (arom. CH), 135.5 (C-2), 141.0, 141.1 ppm (arom. Cipso); IR (KBr):
ñ=3420 (br); 3070, 3040, 3010 (arom. C-H-n); 2960, 2920 (aliph. C-H-n);
2810 (OCH3, C-H-n); 1630 (olef. C=C-n); 1590, 1570, 1480 (arom. C=C-
n); 1435; 1370; 1225; 1285; 1260; 1060 (C-O-C); 1020; 1000; 985, 950
(CH=CH2, C-H-dout of plane); 900; 740 (Ph, C-H-dout of plane); 680 (Ph, ring-
d); 615; 590 cm�1; MS (FAB, matrix: NBA+NaI): m/z (%): 557 (26)
[M+Na+], 197 (100) [CPh2OMe+], 167 (9) [Ph2CH+], 105 (9) [PhCO+],
77 (3) [Ph+]; elemental analysis calcd (%) for C34H35BO5 (534.5): C
76.41, H 6.60, found: C 76.22, H 6.82.


(4’’R,5’’R,2’E)-3’-[4’’,5’’-Bis(methoxydiphenylmethyl)-1’’,3’’,2’’-dioxaboro-
lan-2’’-yl]prop-2’-en-1’-yl acetate (22): Allyl alcohol 6 (520 mg 1.00 mmol)
was dissolved in CH2Cl2 (2 mL) and Et3N (277 mL, 202 mg, 2.00 mmol),
DMAP (12 mg, 0.10 mmol) and acetic anhydride (189 mL, 204 mg,
2.00 mmol) were added. After 15 min saturated aqueous NaHCO3 solu-
tion (5 mL) was added. The aqueous phase was extracted thrice with
CH2Cl2. The combined organic phase was washed with saturated aqueous


NH4Cl solution and H2O, dried over MgSO4 and concentrated under re-
duced pressure. Chromatography (10 g silica gel, petroleum ether/EtOAc
93:7) yielded an analytically pure colorless solid foam of acetate 22
(554 mg, 0.70 mmol, 98%). Rf =0.58 (petroleum ether/EtOAc 85:15);
softening range: 61–67 8C; [a]20


D =�68 (c=1.0 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=2.02 (s, 3H, 2-H), 3.00 (s, 6H, OCH3), 4.47 (m,
2H, 1’-H), 5.28 (dt, 3J=18.1, 4J=1.8 Hz, 1H, 3’-H), 5.35 (s, 2H, 4’’-H, 5’’-
H), 6.17 (dt, 3J=18.1, 3J=4.6 Hz, 1H, 2’-H), 7.23–7.35 ppm (m, 20H,
arom CH); 13C NMR (126 MHz, CDCl3): d=20.8 (C-2), 51.8 (OCH3),
65.2 (C-1’), 77.7 (C-4’’, C-5’’), 83.3 (CPh2OCH3), 119.1 (C-3’), 127.3,
127.3, 127.5, 127.8, 128.4, 129.6 (arom. CH), 141.0, 141.2 (arom. Cipso),
145.4 (C-2’), 170.4 ppm (C-1); IR (KBr): ñ =3320 (br); 3070, 3040, 3000
(arom. C-H-n); 2940, 2910, 2880 (aliph. C-H-n); 2810 (OCH3, C-H-n);
1740 (C=O-n); 1640 (olef. C=C-n); 1590, 1575, 1485 (arom. C=C-n);
1440; 1395; 1360; 1335; 1220; 1175; 1060 (C-O-C); 1020; 1000; 985; 950;
740 (Ph, C-H-dout of plane); 690 (Ph, ring-d); 680; 615; 590 cm�1; MS (FAB,
matrix: NBA+NaI): m/z (%): 585 (32) [M+Na+], 197 (100) [CPh2OMe+],
167 (9) [Ph2CH+], 105 (12) [PhCO+], 77 (5) [Ph+]; elemental analysis
calcd (%) for C35H35BO6 (562.5): C 74.74, H 6.27, found: C 74.82, H 6.49.


(4’’R,5’’R,2’E)-3’-[4’’,5’’-Bis(methoxydiphenylmethyl)-1’’,3’’,2’’-dioxaboro-
lan-2’’-yl]prop-2’-en-1’-yl propionate (23): Allyl alcohol 6 (500 mg,
0.96 mmol) was dissolved in CH2Cl2 (2 mL) and Et3N (250 mL, 183 mg,
1.80 mmol), DMAP (12 mg, 0.10 mmol) and propionic anhydride
(230 mL, 232 mg, 1.78 mmol) were added. After 15 min saturated aqueous
NaHCO3 solution (5 mL) was added. The aqueous phase was extracted
thrice with CH2Cl2. The combined organic phase was washed with satu-
rated aqueous NH4Cl solution and H2O, dried over MgSO4 and concen-
trated under reduced pressure. Chromatography (15 g silica gel, petrole-
um ether/EtOAc 93:7) yielded an analytically pure colorless solid foam
of propionate 23 (420 mg, 0.73 mmol, 76%). Rf =0.65 (petroleum ether/
EtOAc 85:15); softening range: 50–63 8C; [a]20


D =�65 (c=1.13 in CHCl3);
1H NMR (500 MHz, CDCl3): d =1.11 (t, 3J=7.6 Hz, 3H, 3-H), 2.31 (q,
3J=7.6 Hz, 2H, 2-H), 3.00 (s, 6H, OCH3), 4.48 (m, 2H, 1’-H), 5.28 (dt,
3J=18.1, 3J=1.9 Hz, 1H, 3’-H), 5.35 (s, 2H, 4’’-H, 5’’-H), 6.17 (dt, 3J=


18.1, 3J=4.6 Hz, 1H, 2’-H), 7.24–7.36 ppm (m, 20H, arom. CH);
13C NMR (126 MHz, CDCl3): d=9.0 (C-3), 27.4 (C-2), 51.8 (OCH3), 65.1
(C-1’), 77.7 (C-4’’, C-5’’), 83.3 (CPh2OCH3), 119.0 (C-3’), 127.3, 127.3,
127.5, 127.8, 128.4, 129.7 (arom. CH), 141.0, 141.2 (arom. Cipso), 145.6 (C-
2’), 173.8 ppm (C-1); IR (KBr): ñ=3450 (br); 3070, 3040, 3010 (arom. C-
H-n); 2960, 2920, 2890 (aliph. C-H-n); 2810 (OCH3, C-H-n); 1740 (C=O-
n); 1640 (olef. C=C-n); 1590, 1573, 1483 (arom. C=C-n); 1440; 1395;
1375; 1360; 1230; 1170; 1065 (C-O-C); 1020; 1000; 985; 950; 740 (Ph, C-
H-dout of plane); 690 (Ph-ring-d); 680; 615; 590 cm�1; MS (FAB, matrix:
NBA+NaI): m/z (%): 599 (9) [M+Na+], 197 (100) [CPh2OMe+], 167
(9) [Ph2CH+], 105 (13) [PhCO+], 77 (4) [Ph+]; elemental analysis calcd
(%) for C36H37BO6 (576.5): C 75.00, H 6.47, found: C 74.76, H 6.47.


(4’’R,5’’R)-3’-[4’’,5’’-Bis(methoxydiphenylmethyl)-1’’,3’’,2’’-dioxaborolan-
2’’-yl] allyl 3-oxobutyrate (24): Allyl alcohol 6 (500 mg, 0.96 mmol) was
dissolved in THF (5 mL) and DMAP (11 mg, 0.09 mmol) and diketene
(83.5 mL, 91.6 mg, 1.09 mmol) were added, whereupon the reaction mix-
ture got warm. After 23 h to the mixture was added 0.1% aqueous
NaOH solution and Et2O. The organic phase was washed with 0.1%
aqueous NaOH solution and saturated aqueous NaCl solution, dried over
MgSO4 and concentrated under reduced pressure. Chromatography (40 g
silica gel, petroleum ether/EtOAc 83:17) gave a slightly impure colorless
solid foam (83% 24, 485 mg, 0.80 mmol), MPLC (petroleum ether/
EtOAc 85:15) furnished an analytically pure sample. The ratio of keto to
enol form is 9:1 in favor of keto form (1H NMR). Rf =0.36 (petroleum
ether/EtOAc 85:15); softening range: 52–67 8C; [a]20


D =�62 (c=1.0 in
CHCl3);


1H NMR (500 MHz, CDCl3) keto form: d =2.23 (s, 3H, 4-H),
2.99 (s, 6H, OCH3), 3.42 (s, 2H, 2-H), 4.53 (dd, 3J=4.8, 4J=1.7 Hz, 2H,
1’-H), 5.29 (dt, 3J=18.1, 4J=1.7 Hz, 3’-H), 5.35 (s, 2H, 4’’-H, 5’’-H), 6.15
(dt, 3J=18.1, 3J=4.8 Hz, 1H, 2’-H), 7.24–7.35 ppm (m, 20H, arom. CH);
different signals in enol form: d =1.94 (s, 3H, 4-H); 4.96 (s, 1H, 2-H);
6.15 ppm (dt, 3J=18.1, 3J=4.6 Hz, 1H, 2’-H); 13C NMR (126 MHz,
CDCl3): d=30.1 (C-4), 49.8 (C-2), 51.8 (OCH3), 66.1 (C-1’), 77.8 (C-4’’,
C-5’’), 83.3 (CPh2OCH3), 120.0 (C-3’), 127.3, 127.3, 127.5, 127.8, 128.4,
129.7 (arom. CH), 141.0, 141.2 (arom. Cipso), 144.5 (C-2’), 166.5 (C-1),
200.2 ppm (C-3); IR (KBr): ñ=3420 (br); 3070, 3040, 3010 (arom. C-H-
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n); 2940, 2920, 2890 (aliph. C-H-n); 2810 (OCH3, C-H-n); 1740 (ester, C=


O-n); 1715 (keton, C=O-n); 1635 (olef. C=C-n); 1590, 1570, 1480 (arom.
C=C-n); 1435; 1370; 1335; 1230; 1170; 1060 (C-O-C); 1020; 1000; 950;
740 (Ph, C-H-dout of plane); 690 (Ph, Ring-d); 680; 615; 590 cm�1; MS (FAB,
matrix: NBA+NaI): m/z (%): 627 (71) [M+Na+], 401 (5), 197 (100)
[CPh2OMe+], 167 (8) [Ph2CH+], 105 (12) [PhCO+], 77 (6) [Ph+]; ele-
mental analysis calcd (%) for C37H37BO7 (604.5): C 73.52, H 6.17, found:
C 73.55, H 6.19.


(4’’R,5’’R,2’E)-3’-[4’’,5’’-Bis(methoxydiphenylmethyl)-1’’,3’’,2’’-dioxaboro-
lan-2’’-yl]-2’-propen-1’-yl 2,2,2-trichloroacetimidate (25): NaH (10 mg,
0.40 mmol) was suspended in Et2O (2 mL) and a solution of allyl alcohol
6 (1.04 g, 2.00 mmol) in Et2O (3 mL) was slowly dropwise. After 30 min
the reaction mixture was cooled to 0 8C and Cl3CCN (241 mL, 347 mg,
2.40 mmol) was added dropwise. After 1 h at 0 8C and 2 h at RT the reac-
tion mixture was concentrated under reduced pressure. Chromatography
(70 g silica gel, petroleum ether/EtOAc 85:15) furnished an analytically
pure colorless solid foam of trichloroacetimidate 25 (1.30 g, 1.96 mmol,
98%). Rf =0.40 (petroleum ether/EtOAc 90:10); softening range: 80–
90 8C; [a]20


D =�54 (c=1.00 in CHCl3);
1H NMR (500 MHz, CDCl3): d=


3.00 (s, 6H, OCH3), 4.68 (dd, 3J=4.6, 4J=1.8 Hz, 2H, 1’-H), 5.34 (s, 2H,
4’’-H, 5’’-H), 5.42 (dt, 3J=18.1, 4J=1.8 Hz, 1H, 3’-H), 6.24 (dt, 3J=18.1,
3J=4.6 Hz, 1H, 2’-H), 7.24–7.35 (m, 20H, arom. CH), 8.26 ppm (s, 1H,
NH); 13C NMR (126 MHz, CDCl3): d=51.8 (OCH3), 69.9 (C-1’), 77.8 (C-
4’’, C-5’’), 83.3 (CPh2OCH3), 91.3 (C-2), 119.9 (C-3’), 127.3, 127.3, 127.5,
127.8, 128.4, 129.7 (arom. CH), 141.0, 141.2 (arom. Cipso), 144.3 (C-2’),
162.3 ppm (C-1); IR (KBr): ñ=3420 (br); 3325 (N-H-n); 3065, 3040, 3010
(arom. C-H-n); 2935, 2915, 2880 (aliph. C-H-n); 2810 (OCH3, C-H-n);
1660 (C=N-n); 1635 (olef. C=C-n); 1590, 1575, 1480 (arom. C=C-n);
1435; 1370; 1360; 1340; 1295; 1230; 1175; 1060 (C-O-C); 1020; 1000; 975;
950; 810; 780; 740 (Ph, C-H-dout of plane); 680 (Ph, ring-d); 630 (C-Cl);
615 cm�1; MS (FAB, matrix: NBA+NaI): m/z (%): 688 (84) [M+Na+],
471 (2), 197 (100) [CPh2OMe+], 167 (7) [Ph2CH+], 105 (11) [PhCO+],
77 (6) [Ph+]; elemental analysis calcd (%) for C35H33BCl3NO5 (664.8): C
63.23, H 5.00, N 2.11, found: C 63.28, H 5.14, N 2.10.


(4’’R,5’’R,2’E)-3’-[4’’,5’’-Bis(methoxydiphenylmethyl)-1’’,3’’,2’’-dioxaboro-
lan-2’’-yl]-2’-propen-1’-yl 2,2,2-trifluoroacetimidate (26): In a 50 mL
three-necked round-bottom flask equipped with a stirring bar, a ther-
mometer, a septum and a nitrogen inlet were introduced trifluoroaceta-
mide (746 mg, 6.60 mmol), DMSO (1.36 mL, 1.50 g, 19.2 mmol,
19.2 equiv) and CH2Cl2 (25 mL). The solution was cooled down to
�75 8C (internal) and a solution of (COCl)2 (516 mL, 762 mg, 6.00 mmol)
in CH2Cl2 (2 mL) and a solution of Et3N (2.51 mL, 1.82 g, 18.0 mmol) in
CH2Cl2 (1 mL) were added slowly; no rise in temperature was observed
during this process. Stirring was continued at �78 8C for 30 min, DBU
(298 mL, 304 mg, 2.00 mmol) and a solution of alcohol 6 (520 mg,
1.00 mmol) in CH2Cl2 (4 mL) were added slowly via syringe. The reaction
mixture was stirred at �78 8C and was then allowed to reach room tem-
perature over 10 h. Water was added and the aqueous layer was extracted
twice with CH2Cl2 (15 mL). The combined organic phase was washed
with brine (30 mL), dried over Na2SO4 and concentrated under reduced
pressure. Chromatography (108 g silica gel, petroleum ether/EtOAc
90:10) yielded a spectroscopically pure colorless solid foam of trifluoroa-
cetimidate 26 (471 mg, 0.77 mmol, 77%), MPLC (petroleum ether/
EtOAc 95:5) furnished an analytically pure sample. Rf =0.38 (petroleum
ether/EtOAc 90:10); softening range: 60–64 8C; [a]20


D =�61 (c=0.50 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=3.00 (s, 6H, OCH3), 4.65 (dd,
3J=4.8, 4J=1.8 Hz, 2H, 1’-H), 5.36 (s, 2H, 4’’-H, 5’’-H), 5.36 (dt, 3J=18.1,
4J=1.8 Hz, 1H, 3’-H), 6.21 (dt, 3J=18.1, 3J=4.8 Hz, 1H, 2’-H), 7.24–7.35
(m, 20H, arom. CH), 8.14 ppm (s, 1H, NH); 13C NMR (126 MHz,
CDCl3): d=51.8 (OCH3), 68.3 (C-1’), 77.8 (C-4’’, C-5’’), 83.3
(CPh2OCH3), 115.5 (q, 1JC,F=280 Hz, C-2), 120.3 (C-3’), 127.3, 127.3,
127.5, 127.8, 128.4, 129.7 (arom. CH), 141.0, 141.2 (arom. Cipso), 143.8 (C-
2’), 157.5 ppm (q, 2JC,F=38 Hz, C-1); IR (KBr): ñ=3410 (br); 3330 (N-H-
n); 3070, 3040, 3015, 3000 (arom. C-H-n); 2940, 2915, 2880 (aliph. C-H-
n); 2810 (OCH3, C-H-n); 1680 (C=N-n); 1640 (olef. C=C-n); 1590, 1570,
1480 (arom. C=C-n); 1435; 1365; 1330; 1230, 1190, 1155 (br, C-F); 1060
(C-O-C); 1020; 1000; 950; 830; 740 (Ph, C-H-dout of plane); 680 (Ph, ring-d);
615 cm�1; MS (FAB, matrix: NBA+NaI): m/z (%): 638 (7) [M+Na+],
197 (100) [CPh2OMe+], 167 (8) [Ph2CH+], 105 (15) [PhCO+], 77 (6)


[Ph+]; elemental analysis calcd (%) for C35H33BF3NO5 (615.5): C 68.30,
H 5.40, N 2.28, found: C 68.21, H 5.43, N 2.18.


(1’R,4’’R,5’’R)- and (1’S,4’’R,5’’R)-N-{1’-[4’’,5’’-Bis(methoxydiphenylmeth-
yl)-1’’,3’’,2’’-dioxaborolan-2’’-yl]prop-2’-en-1’-yl}-2,2,2-trichloroacetamide
(27): Trichloroacetimidate 25 (50 mg, 0.08 mmol) was dissolved in 1,2-di-
chlorobenzene (15 mL). The solution was heated to 171 8C for 10 h and
cooled to RT. The reaction mixture was loaded directly on a column
(10 g silica gel) which was conditioned with petroleum ether. Chromatog-
raphy (petroleum ether to petroleum ether/EtOAc 90:10) gave a mixture
of starting material 25 and product 27 (16:84), whereas the product 27
was a 59:41 diastereomeric mixture. The diastereomers could not be sep-
arated by MPLC, but the product 27 was furnished as an analytically
pure colorless solid foam with dr 59:41 (34 mg, 0.05 mmol, 67%); starting
material 25 was recovered (5 mg, 8 mmol, 10%). Rf =0.48 (petroleum
ether/EtOAc 90:10); melting range: 120–126 8C; diastereomer A:
1H NMR (500 MHz, CDCl3): d =3.00 (s, 6H, OCH3), 3.81 (m, 1H, 1’-H),
4.85 (ddd, 3J=17.1, 2J=2.3, 4J=0.8 Hz, 1H, 3’-HZ), 4.90 (ddd, 3J=10.5,
2J=2.3, 4J=0.8 Hz, 1H, 3’-HE), 5.35 (ddd, 3J=17.1, 3J=10.5, 3J=4.8 Hz,
1H, 2’-H), 5.43 (s, 2H, 4’’-H, 5’’-H), 6.49 (d, 3J=7.2 Hz, 1H, NH), 7.24–
7.42 ppm (m, 20H, arom. CH); 13C NMR (126 MHz, CDCl3): d =40.2 (C-
1’), 51.9 (OCH3), 78.7 (C-4’, C-5’), 83.2 (CPh2OCH3), 92.7 (C-2), 113.1
(C-3’), 127.7, 127.7, 127.8, 127.9, 128.3, 129.6 (arom. CH), 132.9 (C-2’),
140.4, 140.6 (arom. Cipso), 161.2 ppm (C-1); diastereomer B: 1H NMR
(500 MHz, CDCl3): d=3.02 (s, 6H, OCH3), 3.75 (m, 1H, 1’-H), 4.90
(ddd, 3J=17.1 , 2J=2.4, 4J=0.9 Hz, 1H, 3’-HZ), 4.94 (ddd, 3J=10.5, 2J=


2.4, 4J=0.9 Hz, 1H, 3’-HE), 5.40 (s, 2H, 4’’-H, 5’’-H), 5.54 (ddd, 3J=17.1,
3J=10.5, 4J=4.6 Hz, 1H, 2’-H), 6.38 (d, 3J=7.8 Hz, 1H, NH), 7.24–
7.42 ppm (m, 20H, arom. CH); 13C NMR (126 MHz, CDCl3): d =40.2 (C-
1), 51.8 (OCH3), 78.7 (C-4’’, C-5’’), 83.3 (CPh2OCH3), 92.7 (C-2), 112.4
(C-3’), 127.6, 127.7, 127.8, 127.9, 128.2, 129.6 (arom. CH), 132.3 (C-2’),
140.5, 140.7 (arom. Cipso), 161.5 ppm (C-1); IR (film, ATR): ñ=3430 (N-
H-n); 3085, 3060, 3030 (arom. C-H-n); 2985, 2960, 2940, 2910 (aliph. C-
H-n); 2835 (OCH3, C-H-n); 1720 (CONH, amide I); 1655 (olef. C=C-n);
1600, 1585, 1495 (arom. C=C-n); 1510 (CONH, amide II); 1445; 1390;
1350; 1240; 1200; 1075 (C-O-C); 1030; 1010; 820; 760 (Ph, C-H-
dout of plane); 700 (Ph, ring-d); 635 cm�1; MS (FAB, matrix: NBA+NaI): m/z
(%): 688 (25) [M+Na+], 197 (100) [CPh2OMe+], 167 (8) [Ph2CH+], 105
(22) [PhCO+], 77 (10) [Ph+]; elemental analysis calcd (%) for
C35H33BCl3NO5 (664.8): C 63.23, H 5.00, N 2.11, found: C 63.45, H 5.10,
N 1.97.


(4’R,5’R,1E)-1-[4’,5’-Bis(methoxydiphenylmethyl)-1’,3’,2’-dioxaborolan-2’-
yl]-3-chloro-2-propene (28): Trichloroacetimidate 25 (100 mg, 0.15 mmol)
was dissolved in THF (2.5 mL) and cooled to 0 8C. A suspension of
[PdCl2 ACHTUNGTRENNUNG(CH3CN)2] (2 mg, 8 mmol) in THF (2 mL) was added and as no re-
action occured, the reaction mixture was heated to 80 8C for 23 h, cooled
to RT and concentrated under reduced pressure. Chromatography (41 g
silica gel, petroleum ether/EtOAc 95:5) gave a spectroscopically pure col-
orless solid foam (57%, 46 mg, 0.09 mmol), MPLC yielded an analytically
pure sample. Rf =0.60 (petroleum ether/EtOAc 90:10); softening range:
80–90 8C; [a]20


D =�65 (c=0.90 in CHCl3);
1H NMR (500 MHz, CDCl3):


d=3.00 (s, 6H, OCH3), 3.91 (dd, 3J=6.1, 4J=1.2 Hz, 2H, 3-H), 5.32 (dt,
3J=17.6, 4J=1.2 Hz, 1H, 1-H), 5.36 (s, 2H, 4’-H, 5’-H), 6.18 (dt, 3J=17.6,
3J=6.1 Hz, 1H, 2-H), 7.26–7.41 ppm (m, 20H, arom. CH); 13C NMR
(126 MHz, CDCl3): d=45.9 (C-3), 51.8 (OCH3), 77.7 (C-4’, C-5’), 83.3
(CPh2OCH3), 121.3 (C-1), 127.3, 127.3, 127.5, 127.8, 128.4, 129.6 (arom.
CH), 140.9, 141.2 (arom. Cipso), 146.2 ppm (C-2); IR (film, ATR): ñ=


3390 (br); 3090, 3055, 3025 (arom. C-H-n); 2955, 2940, 2905 (aliph. C-H-
n); 2830 (OCH3, C-H-n); 1645 (olef. C=C-n); 1600, 1580, 1495 (arom. C=


C-n); 1445; 1400; 1375; 1355; 1240; 1200; 1075 (C-O-C); 1030; 1015; 760
(Ph, C-H-dout of plane); 700 cm�1 (Ph, ring-d); MS (FAB, matrix: NBA+


NaI): m/z (%): 561 (8) [M+Na+], 197 (100) [CPh2OMe+], 167 (10)
[Ph2CH+], 105 (16) [PhCO+], 77 (7) [Ph+]; elemental analysis calcd (%)
for C33H32BClO4 (538.9): C 73.55, H 5.99, found: C 73.52, H 6.04.


(1’R,4’’R,5’’R)- and (1’S,4’’R,5’’R)-N-{1’-[4’’,5’’-Bis(methoxydiphenylmeth-
yl)-1’’,3’’,2’’-dioxaborolan-2’’-yl]prop-2’-en-1’-yl}–2,2,2-trifluoroacetamide
(29): Trifluoroacetimidate 26 (50 mg, 0.08 mmol) was dissolved in 1,2-di-
chlorobenzene (5 mL). The solution was heated to 176 8C for 29 h and
cooled to RT. The reaction mixture was loaded directly on a column
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(20 g silica gel) which was conditioned with petroleum ether. Chromatog-
raphy (petroleum ether to petroleum ether/EtOAc 95:5) gave a mixture
of starting material 26 and product 29 (41:59), whereas the product 29
was a 55:45-diastereomeric mixture. The diastereomers could not be sep-
arated by MPLC, but the product 29 was furnished as an analytically
pure colorless solid foam with dr 55:45 (10 mg, 0.016 mmol, 20%); start-
ing material 26 was recovered (7 mg, 11 mmol, 14%). Rf =0.45 (petro-
leum ether/EtOAc 90:10); diastereomer A: 1H NMR (500 MHz, CDCl3):
d=3.00 (s, 6H, OCH3), 3.78 (m, 1H, 1’-H), 4.81 (dd, 3J=17.1, 2J=2.0 Hz,
1H, 3’-HZ), 4.90 (dd, 3J=10.6, 2J=2.0 Hz, 1H, 3’-HE), 5.30 (ddd, 3J=


17.1, 3J=10.6, 3J=5.0 Hz, 1H, 2’-H), 5.44 (s, 2H, 4’’-H, 5’’-H), 5.89 (d,
3J=7.4 Hz, 1H, NH), 7.26–7.35 ppm (m, 20H, arom CH); 13C NMR
(126 MHz, CDCl3): d =51.8 (OCH3), 78.7 (C-4’’, C-5’’), 83.3 (CPh2OCH3),
113.3 (C-3’), 127.7, 127.7, 127.9, 128.0, 128.3, 129.6 (arom. CH), 132.2 (C-
2’), 140.3, 140.6 (arom. Cipso), 156.8 ppm (q, 3JC,F=38 Hz, C-1), C-1’ and
C-2 were not detected; diastereomer B: 1H NMR (500 MHz, CDCl3): d=


3.02 (s, 6H, OCH3), 3.78 (m, 1H, 1’-H), 4.78 (dd, 3J=17.1, 2J=2.0 Hz,
1H, 3’-HZ), 4.93 (dd, 3J=10.6, 2J=2.0 Hz, 1H, 3’-HE,), 5.42 (s, 2H, 4’’-H,
5’’-H), 5.49 (ddd, 3J=17.1, 3J=10.6, 3J=4.8 Hz, 1H, 2’-H), 5.85 (d, 3J=


7.9 Hz, 1H, NH), 7.26–7.35 ppm (m, 20H, arom. CH); 13C NMR
(126 MHz, CDCl3): d =51.8 (OCH3), 78.7 (C-4’’, C-5’’), 83.2 (CPh2OCH3),
112.6 (C-3’), 127.5, 127.6, 127.9, 128.0, 128.4, 129.5 (arom. CH), 132.7 (C-
2’), 140.3, 140.4 (arom. Cipso), 156.7 ppm (q, 3JC,F=38 Hz, C-1), C-1’ and
C-2 were not detected; IR (film, ATR): ñ=3440 (N-H-n); 3090, 3060,
3025 (arom. C-H-n); 2970, 2940, 2910 (aliph. C-H-n); 2835 (OCH3, C-H-
n); 1730 (CONH, amide I); 1640 (olef. C=C-n); 1600, 1580, 1495 (arom.
C=C-n); 1535 (CONH, amide II); 1450; 1380; 1335; 1240, 1210, 1175 (C-
F); 1070 (C-O-C); 1035; 760 (Ph, C-H-dout of plane); 700 cm�1 (Ph, Ring-d);
MS (FAB, matrix: NBA+NaI): m/z (%): 638 (25) [M+Na+], 358 (14),
197 (100) [CPh2OMe+], 167 (6) [Ph2CH+], 105 (12) [PhCO+], 77 (5)
[Ph+]; HRMS (FAB, matrix: NBA+NaI): m/z : calcd for
C35H33BF3NNaO5: 638.2302, found: 638.2308.


Determination of configuration


Ozonolysis and reduction with LiAlH4 (General procedure F): Into a
flask equipped with Teflon stop cock and gas inlet frit (quickfit with
Teflon gasket), the homoallyl alcohol (about 0.1 mmol) was dissolved in
CH2Cl2 (10 mL) and cooled to �78 8C: A O3/O2 mixture was bubbled
through the solution until it shows a persisting blue color. Excess O3 was
expelled by a stream of O2. To the reaction mixture was added Me2S
(1 mL), it was allowed to warm to room temperature, concentrated under
reduced pressure and dried under high vacuum. The residue was dis-
solved in THF (10 mL) and cooled to �78 8C. LiAlH4 (100 mg,
2.64 mmol) was added and the reaction mixture was allowed to warm to
RT. After 1 h Et2O (10 mL) was added and cooled to 0 8C. Successively
H2O (121 mL), 15% aqueous NaOH solution (121 mL) and H2O (358 mL)
were carefully added and stirred (about 30 min) until a precipitate
formed that can be readily filtered through a pad of Celite; the filter
cake was washed thoroughly with Et2O. The filtrate was concentrated
under reduced pressure and dried in high vacuum.


(1S)-1-Phenylpropane-1,3-diol (33): According to GP F, homoallyl alco-
hol 31a (25 mg, 0.11 mmol; synthesis: see below) was used. Chromatog-
raphy (0.7 g silica gel, petroleum ether/EtOAc 50:50) gave a colorless
spectroscopically pure oil of diol 33 (6.0 mg, 0.04 mmol, 37%). The ana-
lytical data were in full agreement to those previously reported.[30] Rf =


0.13 (petroleum ether/EtOAc 50:50), 0.27 (petroleum ether/EtOAc
25:75); [a]20


D =�70 (c=0.12 in CHCl3), ref.: [30] [a]22
D (33)=�71 (c=1.02


in CHCl3);
1H NMR (300 MHz, CDCl3): d=1.93 (dddd, 2J=14.6, 3J=5.5,


3J=4.7, 3J=4.0 Hz, 1H, 2-Ha), 2.03 (dddd, 2J=14.6, 3J=8.5, 3J=6.5, 3J=


5.4 Hz, 1H, 2-Hb), 2.44 (br s, 1H, 3-OH), 2.86 (br s, 1H, 1-OH), 3.82–3.89
(m, 2H, 3-H), 4.96 (dd, 3J=8.5, 3J=4.0 Hz, 1H, 1-H), 7.25–7.38 ppm (m,
5H, arom. CH); 13C NMR (75 MHz, CDCl3): d =40.5 (C-2), 61.5 (C-3),
74.4 (C-1), 125.6, 127.6, 128.5 (arom. CH), 144.3 ppm (arom. Cipso); IR
(solution in CDCl3): ñ =3600 (O-H-n); 3500 (br, O-H-n); 3065, 3045,
3010 (arom. C-H-n); 2920, 2860 (aliph. C-H-n); 1480 (arom. C=C-n);
1440 (aliph. C-H-d); 1410 (O-H-d); 1035 cm�1 (C-OH); MS (EI, 70 eV):
m/z (%): 152 (33) [M+], 107 (100) [PhCHOH+], 77 (24) [Ph+]; HRMS
(EI, 70 eV): m/z : calcd for C9H12O2: 152.0837, found: 152.0837.


(1S)-1-Phenylpropane-1,3-diol (33): Allylboronate 21 (78 mg, 0.15 mmol)
was dissolved in CH2Cl2 (73 mL) and PhCHO (21 mL, 22 mg, 0.20 mmol)
was added. After 16 h the reaction mixture was concentrated under re-
duced pressure and dried under high vacuum. According to GP F, the
residue was used for ozonolysis and reduction. Chromatography (5.8 g
silica gel, petroleum ether/EtOAc 50:50) gave a colorless slightly impure
oil (49% 33, 11 mg, 0.07 mmol). The analytical data are in full agreement
to those previously reported.[30] [a]20


D =�64 (c=0.22 in CHCl3); for fur-
ther characterisation see above.


Modification of side chain


(3S,4’R,5’R)-tert-Butyldimethylsilyl-3-[4’,5’-bis(methoxydiphenylmethyl)-
1’,3’,2’-dioxaborolan-2’-yl]-4-penten-1-yl ether (35): Alcohol 34[15a]


(768 mg, 1.40 mmol) and imidazole (105 mg, 1.54 mmol) were dissolved
in CH2Cl2 (1.40 mL) and TBSCl (222 mg) was added wereupon a color-
less solid precipitated. The reaction mixture was stirred over night, dilut-
ed with Et2O, and H2O was added until the solid was dissolved complete-
ly. The aqueous phase was extracted thrice with Et2O. The combined or-
ganic phase was washed with brine, dried over MgSO4 and concentrated
under reduced pressure. Chromatography (65 g silica gel, petroleum
ether/EtOAc 98:2) gave a spectroscopically pure colorless solid foam of
ether 35 (911 mg, 1.38 mmol, 98%), MPLC (petroleum ether/EtOAc
99:1) furnished an analytically pure sample. Rf =0.08 (petroleum ether/
EtOAc 98:2), 0.44 (petroleum ether/EtOAc 95:5); softening range: 46–
52 8C; [a]20


D =�96 (c=1.12 in CHCl3);
1H NMR (500 MHz, CDCl3): d=


�0.07, �0.05 [2 s, 6H, Si ACHTUNGTRENNUNG(CH3)2], 0.82 [s, 9H, C ACHTUNGTRENNUNG(CH3)], 1.24 (dddd, 2J=


13.5, 3J=9.5, 3J=7.0, 3J=5.5 Hz, 1H, 2-Ha), 1.39 (dddd, 2J=13.5, 3J=7.8,
3J=7.5, 3J=4.9 Hz, 1H, 2-Hb), 1.46 (ddddd, 3J=9.5, 3J=8.2, 3J=4.9, 3J=


1.3, 3J=1.1 Hz, 1H, 3-H), 3.00 (s, 6H, OCH3), 3.32 (ddd, 2J=10.0, 3J=


7.5, 3J=7.0 Hz, 1H, 1-Ha), 3.34 (ddd, 2J=10.0, 3J=7.8, 3J=5.5 Hz, 1H, 1-
Hb), 4.69 (ddd, 3J=17.1, 2J=2.0, 4J=1.3 Hz, 1H, 5-HZ), 4.75 (ddd, 3J=


10.3, 2J=2.0, 4J=1.1 Hz, 1H, 5-HE), 5.29 (s, 2H, 4’-H, 5’-H), 5.44 (ddd,
3J=17.1, 3J=10.3, 3J=8.2 Hz, 1H, 4-H), 7.23–7.34 ppm (m, 20H, arom.
CH); 13C NMR (126 MHz, CDCl3): d =�5.3, �5.3 [Si ACHTUNGTRENNUNG(CH3)2], 18.3 [C-
ACHTUNGTRENNUNG(CH3)3], 25.2 (br, C-3), 26.0 [C ACHTUNGTRENNUNG(CH3)3], 31.5 (C-2), 51.7 (OCH3), 61.8 (C-
1), 77.7 (C-4’, C-5’), 83.4 (CPh2OCH3), 113.1 (C-5), 127.2, 127.3, 127.5,
127.8, 128.5, 129.7 (arom. CH), 138.6 (C-4), 141.3, 141.4 ppm (arom.
Cipso); IR (KBr): ñ =3420 (br); 3070, 3040, 3005 (arom. C-H-n); 2930,
2910, 2830 (aliph. C-H-n); 2810 (OCH3, C-H-n); 1620 (olef. C=C-n);
1590, 1570, 1480 (arom. C=C-n); 1460; 1450; 1435; 1370; 1340; 1240;
1185; 1075; 1060 (C-O-C); 1020; 1000; 950; 885; 815, 795, 755 (TBS); 740
(Ph, C-H-dout of plane); 680 (Ph, ring-d); 615; 590 cm�1; MS (FAB, matrix:
NBA+NaI): m/z (%): 685 (5) [M+Na+], 197 (100) [CPh2OMe+], 167
(12) [Ph2CH+], 105 (9) [PhCO+], 73 (11) [MeSi(O)CH2


+]; elemental
analysis calcd (%) for C41H51BO5Si (662.7): C 74.30, H 7.76, found: C
74.25, H 7.75.


(3R,4’R,5’R)-tert-Butyldimethylsilyl-3-[4’,5’-bis(methoxydiphenylmethyl)-
1’,3’,2’-dioxaborolan-2’-yl]-4-penten-1-yl ether (37): The reaction was ac-
complished according to the synthesis of ether 35 : Alcohol 36 (1.12 g,
2.05 mmol), CH2Cl2 (2.05 mL), imidazole (153 mg, 2.25 mmol) and
TBSCl (324 mg, 2.15 mmol) were used. Chromatography (85 g silica gel,
petroleum ether/EtOAc 98:2) furnished an analytically pure colorless
solid foam of ether 37 (1.38 g, 2.08 mmol, quantitative). Rf =0.11 (petro-
leum ether/EtOAc 98:2), 0.48 (petroleum ether/EtOAc 95:5); softening
range: 42–53 8C; [a]20


D =�103 (c=0.88 in CHCl3);
1H NMR (500 MHz,


CDCl3): d=�0.05, �0.04 [2s, 6H, Si ACHTUNGTRENNUNG(CH3)2], 0.85 [s, 9H, CACHTUNGTRENNUNG(CH3)3], 1.23–
1.30 (m, 1H, 2-Ha), 1.40–1.44 (m, 1H, 3-H), 1.47 (dddd, 2J=12.6, 3J=8.5,
3J=7.4, 3J=5.2 Hz, 1H, 2-Hb), 3.00 (s, 6H, OCH3), 3.25 (ddd, 2J=10.0,
3J=7.7, 3J=7.4 Hz, 1H, 1-Ha), 3.32 (ddd, 2J=10.0, 3J=8.5, 3J=4.7 Hz,
1H, 1-Hb), 4.69 (ddd, 3J=17.1, 2J=2.0, 4J=1.1 Hz, 1H, 5-HZ), 4.73 (ddd,
3J=10.3, 2J=2.0, 4J=0.7 Hz, 1H, 5-HE), 5.29 (s, 2H, 4’-H, 5’-H), 5.33
(ddd, 3J=17.1, 3J=10.3, 3J=8.5 Hz, 1H, 4-H); 7.24–7.34 ppm (m, 20H,
arom. CH); 13C NMR (126 MHz, CDCl3): d=�5.3 [Si ACHTUNGTRENNUNG(CH3)2], 18.3 [C-
ACHTUNGTRENNUNG(CH3)3], 25.5 (br, C-3), 26.0 [C ACHTUNGTRENNUNG(CH3)3], 31.9 (C-2), 51.8 (OCH3), 62.0 (C-
1), 77.7 (C-4’, C-5’), 83.4 (CPh2OCH3), 113.4 (C-5), 127.2, 127.3, 127.5,
127.8, 128.5, 129.7 (arom. CH), 138.4 (C-4), 141.3, 141.4 ppm (arom.
Cipso); IR (KBr): ñ =3420 (br); 3070, 3040, 3010 (arom. C-H-n); 2935,
2910, 2880, 2835 (aliph. C-H-n); 2810 (OCH3, C-H-n); 1620 (olef. C=C-
n); 1590, 1570, 1480 (arom. C=C-n); 1460; 1450; 1435; 1365; 1340; 1240;
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1185; 1070; 1060 (C-O-C); 1020; 1000; 950; 885; 815, 795, 755 (TBS); 740
(Ph, C-H-dout of plane); 680 (Ph, ring-d); 615; 590 cm�1; MS (FAB, matrix:
NBA+NaI): m/z (%): 685 (7) [M+Na+], 197 (100) [CPh2OMe+], 167
(12) [Ph2CH+], 105 (10) [PhCO+], 73 (12) [MeSi(O)CH2


+]; elemental
analysis calcd (%) for C41H51BO5Si (662.7): C 74.30, H 7.76, found: C
74.33, H 7.77.


Allyl additions


Allyl addition (General procedure D): The allylboronate (1.00 equiv)
was dissolved in CH2Cl2 (0.5 mL per mmol of the allylboronate) and
cooled to 0 8C. The aldehyde (1.20–1.50 equiv) was added and the reac-
tion mixture was allowed to warm slowly (ice/water mixture in a Dewar
pot) to RT over night. Stirring was continued at RT until complete trans-
formation was detected by TLC. The reaction mixture was concentrated
under reduced pressure, dried under high vacuum, and finally analysed
by NMR spectroscopy. After concentration under reduced pressure, it
was loaded on a conditioned chromatography column as a solution in the
solvent for the chromatography with some silica gel; no pressure was ap-
plied during separation.


Allyl addition followed by direct LiAlH4 reduction (General procedure
E): The allylboronate (1.00 equiv) was dissolved in CH2Cl2 (0.5 mL per
mmol of the allylboronate) and cooled to 0 8C. The aldehyde (1.20–
1.50 equiv) was added and the reaction mixture was allowed to warm
slowly (ice/water mixture in a Dewar pot) to RT over night. Stirring was
continued at RT until complete transformation was detected by TLC.
The reaction mixture was concentrated under reduced pressure and dried
under high vacuum, and finally analysed by NMR spectroscopy. After
concentration under reduced, the residue was dissolved in THF (10 mL
per mmol of the allylboronate) and LiAlH4 (4.00 equiv) were added.
After 1 h the reaction mixture was diluted with 20 mL Et2O and with vig-
orous stirring successivly H2O (46 mL per mmol LiAlH4), 15% aqueous
NaOH solution (46 mL per mmol LiAlH4) and H2O (136 mL per mmol
LiAlH4) were added carefully. After 30 min a precipitate was formed
that was filtered through a pad of Celite and washed thoroughly with
Et2O. The filtrate was concentrated under reduced pressure and subject-
ed to flash column chromatography.


ACHTUNGTRENNUNG(6S,3Z)-Ethyl 6-hydroxy-6-phenylhex-3-enoate (31a) and (6R,3Z)-ethyl
6-hydroxy-6-phenylhex-3-enoate (ent-31a): According to GP D allylboro-
nates 15 or 16 (240 mg, 0.41 mmol, 1.00 equiv), respectively, in CH2Cl2
(200 mL) with benzaldehyde (62 mL, 65 mg, 0.61 mmol, 1.50 equiv) were
used. The reaction mixtures were stirred at 0 8C over night and at RT for
10 h. Chromatographic purification (petroleum ether to petroleum ether/
EtOAc 90:10) gave a spectroscopically pure colorless oil (31a : 87 mg,
0.37 mmol, 91%; Mosher ester:[41,15c] ee 89%; ent-31a : 85 mg, 0.36 mmol,
89%; Mosher ester: ee > 99%), repeated chromatography furnished an
analytically pure sample. Rf (31a)=0.25 (petroleum ether/EtOAc 85:15);
[a]20


D (31a)=�82 (c=0.84 in CHCl3), [a]20
D (ent-31a)=++85 (c=1.22 in


CHCl3).
1H NMR (500 MHz, CDCl3): d=1.25 (t, 3J=7.1 Hz, 3H, 2’-H),


2.45–2.57 (m, 2H, 5-H), 2.61 (d, 3J=3.7 Hz, 1H, OH), 3.01 (ddd, 2J=


16.6, 3J=7.1, 4J=1.5 Hz, 1H, 2-Ha), 3.08 (ddd, 2J=16.6, 3J=7.4, 4J=


1.5 Hz, 1H, 2-Hb), 4.13 (q, 3J=7.1 Hz, 2H, 1’-H), 4.73 (ddd, 3J=7.7, 3J=


5.2, 3J=3.7 Hz, 1H, 6-H), 5.63 (m, 1H, 4-H), 5.71 (dddt, 3J=10.8, 3J=


7.4, 3J=7.1, 4J=1.4 Hz, 1H, 3-H), 7.25–7.37 ppm (m, 5H, arom. CH);
13C NMR (126 MHz, CDCl3): d =14.1 (C-2’), 33.0 (C-2), 37.5 (C-5), 60.8
(C-1’), 73.3 (C-6), 124.3 (C-3), 125.7, 127.5, 128.4 (arom. CH), 128.9 (C-
4), 144.0 (arom. Cipso), 171.9 ppm (C-1); IR (solution in CDCl3): ñ=3590
(O-H-n); 3450 (br); 3065, 3045, 3010 (arom. C-H-n); 2960, 2920, 2880
(aliph. C-H-n); 2810; 1720 (C=O-n); 1650 (olef. C=C-n); 1595, 1575, 1485
(arom. C=C-n); 1440 (aliph. C-H-d); 1390 (O-H-d); 1360; 1315; 1175
(ester, C-O); 1060; 1015 cm�1; MS (EI, 70 eV): m/z (%): 234 (2) [M+],
216 (0.08) [M�H2O


+], 189 (0.6) [M�OEt+], 171 (6) [M�H2O�EtO+],
128 (100) [M�PhCHO+], 107 (66) [PhCHOH+], 77 (49) [Ph+]; HRMS
(EI, 70 eV): m/z : calcd for C14H18O3: 234.1256, found: 234.1257; elemen-
tal analysis calcd (%) for C14H18O3 (234.3): C 71.77, H 7.74, found: C
71.48, H 7.88.


ACHTUNGTRENNUNG(6R,3Z)-Ethyl 6-hydroxy-8-phenyloct-3-enoate (31b) and (6S,3Z)-6-ethyl
hydroxy-8-phenyloct-3-enoate (ent-31b): According to GP D allylboro-
nates 15 or 16 (200 mg, 0.34 mmol), respectively, in CH2Cl2 (170 mL) with
3-phenyl propionaldehyde (54 mL, 55 mg, 0.41 mmol) were used. The re-


action mixtures were stirred at 0 8C for 24 h and at RT for 48 h. Chroma-
tography (petroleum ether/EtOAc 90:10 ! 85:15) furnished a spectro-
scopically pure colorless oils (ent-31b : 86 mg, 0.33 mmol, 97%; HPLC: ee
92%), MPLC (petroleum ether/EtOAc 85:15) furnished an analytically
pure sample (31b : 60 mg, 0.23 mmol, 67%; HPLC: ee 98%). Rf =0.09
(petroleum ether/EtOAc 85:15), 0.28 (petroleum ether/EtOAc 75:25);
[a]20


D (31b)=�7 (c=1.14 in CHCl3, ee 98%), [a]20
D (ent-31b)=++7 (c=


1.18 in CHCl3, ee 92%); HPLC (Chiralcel OD, hexane/iPrOH 96:4): tR
(31b)=9.2 min, tR (ent-31b)=6.5 min; 1H NMR (500 MHz, CDCl3): d=


1.25 (t, 3J=7.1 Hz, 3H, 2’-H), 1.79 (m, 2H, 7H), 2.17 (d, 3J=3.4 Hz, 1H,
OH), 2.26 (m, 2H, 5-H), 2.69 (ddd, 2J=13.7, 3J=8.9, 3J=7.5 Hz, 1H, 8-
Ha), 2.82 (ddd, 2J=13.7, 3J=8.8, 3J=6.5 Hz, 1H, 8-Hb), 3.08 (ddd, 2J=


16.5, 3J=7.0, 4J=1.4 Hz, 1H, 2-Ha), 3.15 (ddd, 2J=16.5, 3J=7.4, 4J=


1.4 Hz, 1H, 2-Hb), 3.67 (m, 1H, 6-H), 4.13 (q, 3J=7.1 Hz, 2H, 1’-H), 5.65
(dtt, 3J=10.8, 3J=7.7, 4J=1.4 Hz, 1H, 4-H), 5.72 (dddt, 3J=10.8, 3J=7.4,
3J=7.0, 4J=1.3 Hz, 1H, 3-H), 7.16–7.21, 7.25–7.29 ppm (m, 5H, arom.
CH); 13C NMR (126 MHz, CDCl3): d =14.1 (C-2’), 32.1 (C-8), 33.0 (C-2),
35.6 (C-5), 38.6 (C-7), 60.9 (C-1’), 70.1 (C-6), 124.1 (C-3), 125.7, 128.3,
128.4 (arom. CH); 129.3 (C-4), 142.0 (arom. Cipso), 172.0 ppm (C-1); IR
(solution in CDCl3): ñ =3430 (O-H-n); 3065, 3040, 3005 (arom. C-H-n);
2960, 2910, 2840 (aliph. C-H-n); 1730 (C=O-n); 1650 (olef. C=C-n); 1595,
1575, 1485 (arom. C=C-n); 1440 (aliph. C-H-d); 1390; 1360; 1310; 1240;
1160; 1080; 1015; 915; 840; 730 (Ph, C-H-dout of plane); 680 cm�1 (Ph, ring-
d); MS (EI, 70 eV): m/z (%): 262 (3) [M+], 244 (7) [M�H2O


+], 216 (2)
[M�H2O�C2H4


+], 198 (4) [M�2H2O�C2H4
+], 128 (100)


[M�PhCH2CH2CHO+], 117 (32) [C9H9
+], 91 (58) [PhCH2


+]; elemental
analysis calcd (%) for C16H22O3 (262.3): C 73.25, H 8.48, found: C 73.06,
H 8.59.


ACHTUNGTRENNUNG(6S,3Z)-Ethyl 6-hydroxy-7-(5’-methoxybenzyloxy)hept-3-enoate (31c)
and (6R,3Z)-ethyl 6-hydroxy-7-(5’-methoxybenzyloxy)hept-3-enoate (ent-
31c) According to GP D allylboronate 15 (6.51 g, 11.1 mmol) in CH2Cl2
(5.50 mL) with 4’’-methoxybenzyloxyacetaldehyde (42c ; 2.38 g,
13.2 mmol) was used. The reaction mixture was stirred at 0 8C for 24 h
and at RT for 3 d. Chromatography (450 g silica gel, petroleum ether/
EtOAc 85:15 ! 75:25) furnished a spectroscopically pure colorless oil
(31c : 3.43 g, 11.1 mmol, quant.; HPLC: ee 99%), MPLC (petroleum
ether/EtOAc 70:30) afforded an analytically pure sample. According to
GP D allylboronate 16 (3.0 g, 5.1 mmol) in CH2Cl2 (2.5 mL) with 42c
(1.1 g, 6.1 mmol) was used. The reaction mixture was stirred at 0 8C for
24 h and at RT for 3 d. Chromatography (220 g silica gel, petroleum
ether/EtOAc 85:15 ! 75:25) furnished a spectroscopically pure colorless
oil (ent-31c : 1.6 g, 5.1 mmol, quant. HPLC: ee 87%); Rf =0.05 (petro-
leum ether/EtOAc 85:15), 0.16 (petroleum ether/EtOAc 70:30); [a]20


D


(31c)=�6 (c=1.92 in CHCl3, ee 99%), [a]20
D (ent-31c)=++6 (c=1.94 in


CHCl3, ee 87%); HPLC (Chiralcel OD-H, hexane/iPrOH 90:10): tR
(31c)=26.8 min, tR (ent-31c)=32.1 min; 1H NMR (400 MHz, CDCl3):
d=1.25 (t, 3J=7.1 Hz, 3H, 2’’’-H), 2.27 (ddd, 3J=7.3, 3J=6.4, 3J=1.3 Hz,
2H, 5-H), 2.49 (br s, 1H, OH), 3.09 (ddd, 2J=16.0, 3J=7.0, 4J=1.4 Hz,
1H, 2-Ha), 3.10 (ddd, 2J=16.0, 3J=7.0, 4J=1.4 Hz, 1H, 2-Hb), 3.36 (dd,
2J=9.5, 3J=7.0 Hz, 1H, 7-Ha), 3.47 (dd, 2J=9.5, 3J=3.7 Hz, 1H, 7-Hb),
3.80 (s, 3H, OCH3), 3.84 (dtd, 3J=7.0, 3J=6.4, 3J=3.7 Hz, 1H, 6-H), 4.13
(q, 3J=7.1 Hz, 2H, 1’’’-H), 4.48 (s, 2H, 1’-H), 5.63 (dtt, 3J=10.8, 3J=7.3,
4J=1.4 Hz, 1H, 4-H), 5.70 (dtt, 3J=10.8, 3J=7.0, 4J=1.3 Hz, 1H, 3-H),
6.88 (m, 2H, 3’’-H), 7.25 ppm (m, 2H, 2’’-H); 13C NMR (101 MHz,
CDCl3): d=14.1 (C-2’’’), 31.5 (C-5), 33.0 (C-2), 55.2 (OCH3), 60.7 (C-1’’’),
69.8 (C-6), 73.0 (C-1’), 73.4 (C-7), 113.8 (C-3’’), 123.7 (C-3), 128.5 (C-4),
129.3 (C-2’’), 130.0 (C-1’’), 159.2 (C-4’’), 171.8 ppm (C-1); IR (film,
ATR): ñ=3450 (O-H-n); 3030 (arom. C-H-n); 2980, 2935, 2905, 2860
(aliph. C-H-n); 2835 (OCH3, C-H-n); 1730 (C=O-n); 1660 (olef. C=C-n);
1610, 1585, 1510 (arom. C=C-n); 1465, 1365; 1325; 1300; 1245, 1030;
1175; 1095; 945; 930; 845; 820 (1,4-disubstituted benzene ring); 755;
705 cm�1; MS (ESI-1): m/z (%): 326 (100) [M+NH4


+]; MS2 (326@16): m/z
(%): 309 (100) [M+H+]; elemental analysis calcd (%) for C17H24O5


(308.4): C 66.21, H 7.84, found: C 66.16, H 7.93.


ACHTUNGTRENNUNG(6S,3Z)-6-Hydroxy-6-phenylhex-3-enoic acid dimethylamide (43a) and
(6R,3Z)-6-hydroxy-6-phenylhex-3-enoic acid dimethylamide (ent-43a):
According to GP D allylboronate 18 (284 mg, 0.48 mmol) in CH2Cl2
(240 mL) and benzaldehyde (69 mL, 72 mg, 0.67 mmol) was used. The re-
action mixture was stirred at RT for 20 h. Chromatography (22 g silica


Chem. Eur. J. 2008, 14, 5178 – 5197 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5191


FULL PAPERDiastereo- and Enantiomerically Pure Allylboronates



www.chemeurj.org





gel, EtOAc) gave a spectroscopically pure colorless oil (43a : 89 mg,
0.38 mmol, 79%; Mosher ester:[41] ee 94%). Following GP D, allylboro-
nate 19 (100 mg, 0.17 mmol) in toluene (1 mL) with benzaldehyde
(17 mL, 18 mg, 0.17 mmol) was used. The reaction mixture was set up at
�100 8C and was allowed to reach room temperature slowly. It was
stirred at RT for 6 d. Chromatography (7 g silica gel, EtOAc) furnished a
spectroscopically colorless oil (ent-43a : 35 mg, 0.15 mmol, 88%; Mosher
ester: ee > 99%). To avoid long reaction times, the originally GP D
should preferentially be used. Rf =0.28 (EtOAc), 0.05 (petroleum ether/
EtOAc 50:50); [a]20


D (43a)=�128 (c=0.20 in CHCl3, ee 94%), [a]20
D (ent-


43a)=++132 (c=0.64 in CHCl3, ee > 99%); 1H NMR (500 MHz,
CDCl3): d =2.46–2.58 (m, 2H, 5-H), 2.92, 2.97 [2s, 6H, N ACHTUNGTRENNUNG(CH3)2], 3.00–
3.11 (m, 2H, 2-H), 3.77 (d, 3J=4.2 Hz, 1H, OH), 4.75 (ddd, 3J=7.6, 3J=


4.5, 3J=4.2 Hz, 1H, 6-H), 5.62 �5.70 (m, 2H, 3-H, 4-H), 7.22–7.39 ppm
(m, 5H, arom. CH); 13C NMR (126 MHz, CDCl3): d=31.8 (C-2), 35.6,
37.3 [N ACHTUNGTRENNUNG(CH3)2], 37.7 (C-5), 72.9 (C-6), 124.9 (C-3), 125.6, 127.0, 128.1
(arom. CH), 128.9 (C-4), 144.5 (arom. Cipso), 171.5 ppm (C-1); IR (solu-
tion in CDCl3): ñ =3600 (O-H-n); 3360 (br); 3070, 3045, 3010 (arom. C-
H-n); 2920, 2870 (aliph. C-H-n); 1625 (C=O-n); 1480 (arom. C=C-n);
1440 (aliph. C-H-d); 1390; 1250; 1130; 1040 cm�1; MS (EI, 70 eV): m/z
(%): 233 (2) [M+], 215 (1) [M�H2O


+], 127 (87) [M�PhCHO+], 107 (12)
[PhCHOH+], 105 (19) [PhCO+], 77 (18) [Ph+], 72 (100) [Me2NCO+];
HRMS (AUTO-CI): m/z : calcd for C14H20NO2: 234.1494, found:
234.1486; elemental analysis calcd (%) for C14H19NO2 (233.3): C 72.07, H
8.21, N 6.00, found: C 71.41, H 8.42, N 5.78.


ACHTUNGTRENNUNG(6R,3Z)-6-Hydroxy-8-phenyloct-3-enoic acid dimethylamide (43b),
(6S,3E)-6-Hydroxy-8-phenyloct-3-enoic acid dimethylamide (46) and
(6S,3Z)-6-hydroxy-8-phenyloct-3-enoic acid dimethylamide (ent-43b):
According to GP D allylboronates 18 or 19 (200 mg, 0.34 mmol), respec-
tively, in CH2Cl2 (170 mL) with 3-phenylpropionaldehyde (54 mL, 55 mg,
0.41 mmol) were used. The reaction mixtures were stirred at 0 8C for 24 h
and at RT for 4 d. Chromatography (14 g silica gel, petroleum ether/
EtOAc 70:30 ! EtOAc) yielded spectroscopically pure colorless oils
[from 18 (43b : 58 mg, 0.22 mmol, 65%; HPLC: ee > 99%; 46 : 26 mg,
0.10 mmol, 29%) and 19 (ent-43b : 83 mg, 0.32 mmol, 94%; HPLC: ee
94%)]. Rf (43b)=0.19 (EtOAc), Rf (46)=0.15 (EtOAc); [a]20


D (43b)=


�16 (c=0.90 in CHCl3, ee > 99%), [a]20
D (46)=�14 (c=1.25 in CHCl3),


[a]20
D (ent-43b)=++14 (c=1.20 in CHCl3, ee 94%); HPLC (Chiralcel OD-


H, hexane/iPrOH 80:20): tR (43b)=22.4 min, tR (ent-43b)=19.6 min; ho-
moallyl alcohol 43b : 1H NMR (300 MHz, CDCl3): d=1.70–1.89 (m, 2H,
7H), 2.20–2.34 (m, 2H, 5-H), 2.70 (ddd, 2J=13.7, 3J=9.3, 3J=7.2 Hz, 1H,
8-Ha), 2.84 (ddd, 2J=13.7, 3J=9.5, 3J=5.8 Hz, 1H, 8-Hb), 2.95, 3.04 [2 s,
6H, N ACHTUNGTRENNUNG(CH3)2], 3.08–3.21 (m, 3H, 2-H, OH), 3.66 (m, 1H, 6-H), 5.64–5.75
(m, 2H, 3-H, 4-H), 7.14–7.31 ppm (m, 5H, arom. CH); 13C NMR
(101 MHz, CDCl3): d=31.9 (C-2), 32.2 (C-8), 35.7 (C-5, NCaH3), 37.4
(NCbH3), 38.9 (C-7), 69.9 (C-6), 124.9 (C-3), 125.7, 128.3, 128.5 (arom.
CH), 129.4 (C-4), 142.3 (arom. Cipso), 171.6 ppm (C-1); IR (film, ATR):
ñ=3400 (O-H-n); 3085, 3060, 3025 (arom. C-H-n); 2930, 2860 (aliph. C-
H-n); 1625 (C=O-n); 1495 (arom. C=C-n); 1455; 1395 (O-H-d); 1260;
1140; 1050; 750 (Ph, C-H-dout of plane); 700 cm�1; MS (EI, 70 eV): m/z (%):
261 (10) [M+], 243 (10) [M�H2O


+], 156 (21) [M�PhCH2CH2
+], 134 (2)


[PhCH2CH2CHO+], 127 (84) [M�PhCH2CH2CHO+], 126 (8)
[M�PhCH2CH2CHOH+], 91 (31) [PhCH2


+], 87 (16) [MeCONMe2
+], 72


(100) [OCNMe2
+]; MS (ESI-1): m/z (%): 262 (100) [M+H+]; HRMS


(EI, 70 eV): m/z : calcd for C16H23NO2: 261.1729, found: 261.1729; ele-
mental analysis calcd (%) for C16H23NO2 (261.4): C 73.53, H 8.87, N 5.36,
found: C 72.94, H 9.01, N 5.11; homoallyl alcohol 46 : 1H NMR
(300 MHz, CDCl3): d=1.71–1.83 (m, 2H, 7H); 2.17 (ddddt, 2J=13.9, 3J=


7.9, 3J=7.7, 4J=0.9, 5J=0.9 Hz, 1H, 5-Ha), 2.30 (br s, 1H, OH), 2.31
(ddddt, 2J=13.9, 3J=6.4, 3J=4.2, 4J=1.1, 5J=1.0 Hz, 1H, 5-Hb), 2.68
(ddd, 2J=13.8, 3J=8.3, 3J=7.9 Hz, 1H, 8-Ha), 2.82 (ddd, 2J=13.8, 3J=


8.0, 3J=7.5 Hz, 1H, 8-Hb), 2.94, 3.00 [2 s, 6H, N ACHTUNGTRENNUNG(CH3)2], 3.10 (m, 2H, 2-
H), 3.64 (dddd, 3J=7.9, 3J=6.8, 3J=5.8, 3J=4.2 Hz, 1H, 6-H), 5.53 (dddt,
3J=15.4, 3J=7.7, 3J=6.4, 4J=1.4 Hz, 1H, 4-H), 5.67 (dtdd, 3J=15.4, 3J=


6.5, 4J=1.1, 4J=0.9 Hz, 1H, 3-H), 7.15–7.31 ppm (m, 5H, arom. CH);
13C NMR (75 MHz, CDCl3): d=32.0 (C-8), 35.5, 37.3 [br, N ACHTUNGTRENNUNG(CH3)2], 37.4
(C-2), 38.5 (C-7), 40.7 (C-5), 69.9 (C-6), 125.7, 128.3, 128.4 (arom. CH),
126.7 (C-3), 129.8 (C-4), 142.2 (arom. Cipso), 171.3 ppm (C-1); IR (film,
ATR): ñ=3395 (O-H-n); 3085, 3060, 3025 (arom. C-H-n); 2930, 2860


(aliph. C-H-n); 1625 (C=O-n); 1495 (arom. C=C-n); 1455; 1400; 1260;
1140; 1055; 970; 750 (Ph, C-H-dout of plane); 700 cm�1; MS (ESI-2): m/z
(%): 300 (7) [M+K+], 284 (85) [M+Na+], 262 (7) [M+H+];


(3R)-5-Phenylpentan-1,3-diol (47): According to GP F homoallyl alcohol
46 (18 mg, �0.07 mmol) was used. Chromatography (2 g silica gel, petro-
leum ether/EtOAc 40:60) gave cololurless spectroscopically pure oil of
diol 47 (7.0 mg, 0.04 mmol, �56%). The analytical data are in full agree-
ment to those previously reported:[42] Rf (47)=0.14 (petroleum ether/
EtOAc 40:60); [a]20


D =�18 (c=0.35 in CHCl3), [a]24
D =�13 (c=0.35 in


EtOH), ref.:[42] [a]24
D =�10.2 (c=1.32 in EtOH); 1H NMR (300 MHz,


CDCl3): d =1.70–1.87 (m, 4H, 2-H, 4-H), 2.37, 2.54 (2br s, 2H, OH), 2.69
(ddd, 2J=13.7, 3J=8.8, 3J=6.9 Hz, 1H, 5-Ha), 2.79 (ddd, 2J=13.7, 3J=


9.2, 3J=6.5 Hz, 1H, 5-Hb), 3.79–3.94 (m, 3H, 1-H, 3-H), 7.16–7.32 ppm
(m, 5H, arom. CH); 13C NMR (151 MHz, CDCl3): d=29.7 (C-5), 38.4,
39.4 (C-2, C-4), 61.8 (C-1), 71.6 (C-3), 125.9, 128.4, 128.4 (arom. CH),
141.9 ppm (arom. Cipso); IR (film, ATR): ñ =3340 (br, O-H-n); 3085,
3060, 3025 (arom. C-H-n); 2935, 2860 (aliph. C-H-n); 1605, 1585, 1495
(arom. C=C-n); 1455; 1055 (C-O-n); 745 (C-H-dout of plane); 700 cm�1 (Ph,
ring-d).


ACHTUNGTRENNUNG(6S,3Z)-6-Hydroxy-7-(4’’-methoxybenzyloxy)hept-3-enoic acid dimethyl-
amide (43c) and (6R,3Z)-6-hydroxy-7-(4’’-methoxybenzyloxy)hept-3-
enoic acid dimethylamide (ent-43c): According to GP D allylboronates
18 or 19 (200 mg, 0.34 mmol), respectively, in CH2Cl2 (170 mL) with 42c
(73 mg, 0.41 mmol) were used. The reaction mixtures were stirred at 0 8C
for 24 h and at RT for 24 h. Chromatography (16 g silica gel, petroleum
ether/EtOAc 60:40 ! EtOAc) furnished analytically pure colorless oils
(43c : 90 mg, 0.29 mmol, 86%; HPLC: ee > 99%; ent-43c : 94 mg,
0.31 mmol, 90%; HPLC: ee 96%); Rf =0.15 (EtOAc); [a]20


D (43c)=�25
(c=1.80 in CHCl3, ee > 99%), [a]20


D (ent-43c)=++24 (c=1.86 in CHCl3,
ee 96%); HPLC (Chiralcel OD-H, hexane/iPrOH 80:20): tR (43c)=


27.0 min, tR (ent-43c)=31.9 min; 1H NMR (400 MHz, CDCl3): d=2.29
(ddd, 3J=7.4, 3J=6.3, 3J=1.3 Hz, 2H, 5-H), 2.93, 3.00 [2s, 6H, N ACHTUNGTRENNUNG(CH3)2],
3.11 (ddd, 2J=9.3, 3J=6.9, 4J=1.4 Hz, 1H, 2-Ha), 3.12 (ddd, 2J=9.3, 3J=


6.9, 4J=1.4 Hz, 1H, 2-Hb), 3.19 (br s, 1H, OH), 3.40 (dd, 2J=9.5, 3J=


6.4 Hz, 1H, 7-Ha), 3.46 (dd, 2J=9.5, 3J=4.5 Hz, 1H, 7-Hb), 3.80 (s, 3H,
OCH3), 3.84 (dtd, 3J=6.4, 3J=6.3, 3J=4.5 Hz, 1H, 6-H), 4.48 (s, 2H, 1’-
H), 5.64 (dtt, 3J=10.9, 3J=7.4, 4J=1.4 Hz, 1H, 4-H), 5.70 (dtt, 3J=10.9,
3J=6.9, 4J=1.3 Hz, 1H, 3-H), 6.87 (m, 2H, 3’’-H), 7.25 ppm (m, 2H, 2’’-
H); 13C NMR (101 MHz, CDCl3): d=31.8 (C-2), 32.0 (C-5), 35.5, 37.2 [N-
ACHTUNGTRENNUNG(CH3)2], 55.1 (OCH3), 69.6 (C-6), 72.9 (C-1’), 73.5 (C-7), 113.6 (C-3’’),
124.7 (C-3), 128.3 (C-4), 129.2 (C-2’’), 130.0 (C-1’’), 159.1 (C-4’’),
171.3 ppm (C-1); IR (film, ATR): ñ=3410 (O-H-n); 3025 (arom. C-H-n);
2930, 2910, 2860 (aliph. C-H-n); 2840 (OCH3, C-H-n); 1625 (C=O-n);
1615, 1585, 1510 (arom. C=C-n); 1465, 1395; 1300; 1245; 1030; 1175;
1085; 820 (1,4-disubstituted benzene ring); 710 cm�1; MS (ESI-2): m/z
(%): 346 (76) [M+K+], 330 (100) [M+Na+], 308 (59) [M+H+]; elemen-
tal analysis calcd (%) for C17H25NO4 (307.4): C 66.43, H 8.20, N 4.56,
found: C 66.32, H 8.22, N 4.55.


ACHTUNGTRENNUNG(1S,3Z)-6-(tert-Butyldimethylsilyloxy)-1-phenylhex-3-en-1-ol (44a) and
(1R,3Z)-6-(tert-butyldimethylsilyloxy)-1-phenylhex-3-en-1-ol (ent-44a):
According to GP E allylboronates 35 or 37 (200 mg, 0.30 mmol), respec-
tively, in CH2Cl2 (150 mL) with benzaldehyde (42 mg, 0.39 mmol) were
used. The reaction mixtures were stirred at 0 8C for 24 h and at RT for
48 h. For the reduction THF (10 mL) and LiAlH4 (60 mg, 1.58 mmol)
were utilized, for the work up H2O (69 mL), 15% aqueous NaOH solu-
tion (69 mL) and H2O (205 mL) were added. Chromatography (15 g silica
gel, petroleum ether/EtOAc 96:4) furnished analytically pure colorless
oils (44a : 74 mg, 0.24 mmol, 80%; HPLC: ee 87%; ent-44a : 71 mg,
0.23 mmol, 77%; HPLC: ee 96%); Rf =0.11 (petroleum ether/EtOAc
95:5), 0.43 (petroleum ether/EtOAc 85:15); [a]20


D (44a)=�55 (c=1.36 in
CHCl3, ee 87%), [a]20


D (ent-44a)=++58 (c=1.36 in CHCl3, ee 96%),
HPLC (Chiralcel OD, hexane/iPrOH 99.4:0.6): tR (44a)=9.4 min, tR (ent-
44a)=7.4 min; 1H NMR (500 MHz, CDCl3): d=0.06 [s, 6H, Si ACHTUNGTRENNUNG(CH3)2],
0.90 [s, 9H, C ACHTUNGTRENNUNG(CH3)3], 2.24 (ddddd, 2J=14.1, 3J=7.2, 3J=6.7, 3J=6.5, 4J=


1.5 Hz, 1H, 5-Ha), 2.33 (ddddd, 2J=14.1, 3J=7.2, 3J=6.7, 3J=6.4, 4J=


1.5 Hz, 1H, 5-Hb), 2.45 (d, 3J=3.4 Hz, 1H, OH), 2.47 (dddd, 2J=14.2,
3J=6.8, 3J=5.0, 4J=1.4 Hz, 1H, 2-Ha), 2.56 (dddd, 2J=14.2, 3J=7.9, 3J=


6.8, 4J=1.4 Hz, 1H, 2-Hb), 3.59 (dt, 2J=9.9, 3J=6.7, 3J=6.7 Hz, 1H, 6-
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Ha), 3.61 (ddd, 2J=9.9, 3J=6.5, 3J=6.4 Hz, 1H, 6-Hb), 4.69 (ddd, 3J=7.9,
3J=5.0, 3J=3.4 Hz, 1H, 1-H), 5.50 (dtt, 3J=10.9, 3J=6.8, 4J=1.5 Hz, 1H,
3-H), 5.57 (dtt, 3J=10.9, 3J=7.2, 4J=1.4 Hz, 1H, 4-H), 7.24–7.27, 7.31–
7.37 ppm (m, 5H, arom. CH); 13C NMR (126 MHz, CDCl3): d=�5.3 [Si-
ACHTUNGTRENNUNG(CH3)2], 18.4 [C ACHTUNGTRENNUNG(CH3)3], 26.0 [C ACHTUNGTRENNUNG(CH3)3], 31.0 (C-5), 37.5 (C-2), 62.7 (C-
6), 73.6 (C-1), 125.8, 127.3, 128.3 (arom. CH), 126.7 (C-3), 129.9 (C-4),
144.2 ppm (arom. Cipso); IR (film, ATR): ñ=3380 (O-H-n); 3070, 3040,
3005 (arom. C-H-n), 2935, 2905, 2865, 2835 (aliph. C-H-n); 1645 (olef. C=


C-n); 1595, 1575, 1480 (arom. C=C-n); 1460, 1450, 1440 (aliph. C-H-d);
1390; 1375; 1350; 1240; 1080; 1035; 910; 820, 790, 755 (TBS); 755 (Ph, C-
H-dout of plane); 680 cm�1 (Ph, ring-d); MS (EI, 70 eV): m/z (%): 306 (0.06)
[M+], 288 (0.4) [M�H2O


+], 157 (61) [PhC6H8
+], 143 (22) [C11H11


+], 107
(30) [PhCHOH+], 105 (37) [PhCO+], 75 (100) [Me2SiOH+], 73 (42)
[MeSi(O)CH2


+]; elemental analysis calcd (%) for C18H30O2Si (306.5): C
70.53, H 9.87, found: C 70.30, H 9.83.


ACHTUNGTRENNUNG(3R,5Z)-8-(tert-Butyldimethylsilyloxy)-1-phenyloct-5-en-3-ol (44b) and
(3S,5Z)-8-(tert-butyldimethylsilyloxy)-1-phenyloct-5-en-3-ol (ent-44b):
According to GP E allylboronates 35 or 37 (200 mg, 0.30 mmol), respec-
tively, in CH2Cl2 (150 mL) with 3-phenylpropionaldehyde (48 mL, 49 mg,
0.36 mmol) were used. The reaction mixtures were stirred at 0 8C for 24 h
and at RT for 24 h. For the reduction THF (5 mL) and LiAlH4 (69 mg,
1.81 mmol), for the work up H2O (83 mL), 15% aqueous NaOH solution
(83 mL) and H2O (246 mL) was used. Chromatography (16 g silica gel, pe-
troleum ether/EtOAc 95:5) furnished spectroscopically pure colorless oils
(ent-44b : 93 mg, 0.28 mmol, 92%; HPLC: ee 92%), MPLC (petroleum
ether/EtOAc 95:5) yielded an analytically pure sample (44b : 53 mg,
0.16 mmol, 52%; HPLC: ee 99%). Rf =0.08 (petroleum ether/EtOAc
95:5), 0.39 (petroleum ether/EtOAc 85:15); [a]20


D (44b)=++3 (c=1.06 in
CHCl3, ee 99%), [a]20


D (ent-44b)=�3 (c=1.30 in CHCl3, ee 92%); HPLC
(Chiralcel OD, hexane/iPrOH 98:2): tR (44b)=8.0 min, tR (ent-44b)=


4.7 min; 1H NMR (500 MHz, CDCl3): d =0.06 [s, 6H, Si ACHTUNGTRENNUNG(CH3)2], 0.90 [s,
9H, C ACHTUNGTRENNUNG(CH3)3], 1.27–1.38 (m, 2H, 7H), 2.15 (d, 3J=4.4 Hz, 1H, OH), 2.25
(m, 2H, 5-H), 2.28 (m, 1H, 2-Ha), 2.36 (m, 1H, 2-Hb), 2.68 (ddd, 2J=


13.7, 3J=9.2, 3J=7.3 Hz, 1H, 8-Ha), 2.81 (ddd, 2J=13.7, 3J=9.0, 3J=


6.4 Hz, 1H, 8-Hb), 3.59–3.69 (m, 3H, 1-H, 6-H), 5.46 (dtt, 3J=10.9, 3J=


6.8, 4J=1.4 Hz, 1H, 4-H), 5.51 (dtt, 3J=10.9, 3J=6.8, 4J=1.3 Hz, 1H, 3-
H), 7.16–7.21, 7.25–7.29 ppm (m, 5H, arom. CH); 13C NMR (126 MHz,
CDCl3): d=�5.4, �5.3 [Si ACHTUNGTRENNUNG(CH3)2], 18.4 [C ACHTUNGTRENNUNG(CH3)3], 26.0 [C ACHTUNGTRENNUNG(CH3)3], 30.9
(C-2), 32.1 (C-8), 35.5 (C-5), 38.6 (C-7), 62.7 (C-1), 70.4 (C-6), 127.0 (C-
3), 125.7, 128.3, 128.4 (arom. CH), 129.9 (C-4); 142.2 ppm (arom. Cipso);
IR (film): ñ=3570 (O-H-n); 3370 (br, O-H-n); 3070, 3040, 3005 (arom.
C-H-n), 2930, 2905, 2880, 2835 (aliph. C-H-n); 1640 (olef. C=C-n); 1595,
1575, 1485 (arom. C=C-n); 1460, 1450, 1440; 1375; 1350; 1240, 1080
(TBS); 910; 815, 790, 755 (TBS); 755 (Ph, C-H-dout of plane); 675 cm�1 (Ph,
ring-d); MS (EI, 70 eV): m/z (%): 334 (0.8) [M+], 185 (90)
[M�C10H13O


+], 143 (62) [C11H11
+], 117 (60) [C9H9


+], 105 (93) [PhCO+],
91 (100) [C7H7


+], 75 (93) [HOSiMe2
+], 73 (40) [MeSi(O)CH2


+]; elemen-
tal analysis calcd (%) for C20H34O2Si (334.6): C 71.80, H 10.24, found: C
71.60, H 10.28.


ACHTUNGTRENNUNG(2S,4Z)-7-(tert-Butyldimethylsilyloxy)-1-(4’’-methoxybenzyloxy)hept-4-
en-2-ol (44c) and (2R,4Z)-7-(tert-butyldimethylsilyloxy)-1-(4’’-methoxy-
benzyloxy)hept-4-en-2-ol (ent-44c): According to GP E allylboronates 35
or 37 (200 mg, 0.30 mmol), respectively, in CH2Cl2 (151 mL) with 42c
(65 mg, 0.36 mmol) were used. The reaction mixtures were stirred at 0 8C
for 24 h and at RT for 5 d. For the reduction THF (3 mL) and LiAlH4


(46 mg, 1.21 mmol), for the work up H2O (55 mL), 15% aqueous NaOH
solution (55 mL) and H2O (164 mL) was used respectively. Chromatogra-
phy (16 g silica gel, petroleum ether/EtOAc 90:10) furnished spectroscop-
ically pure colorless oils (44c : 105 mg, 0.28 mmol, 91%; 1H NMR:[15a] ee
> 95%; ent-44c : 106 mg, 0.28 mmol, 92%; 1H NMR:[15a] ee > 95%),
MPLC (petroleum ether/EtOAc 82:18) yielded an analytically pure
sample. Rf =0.16 (petroleum ether/EtOAc 85:15), 0.42 (petroleum ether/
EtOAc 75:25); [a]20


D (44c)=�4 (c=2.08 in CHCl3, ee > 95%), [a]20
D (ent-


44c)=++5 (c=2.12 in CHCl3, ee > 95%); 1H NMR (400 MHz, CDCl3):
d=0.05 [s, 6H, Si ACHTUNGTRENNUNG(CH3)2], 0.89 [s, 9H, C ACHTUNGTRENNUNG(CH3)3], 2.18–2.35 (m, 4H, 3-H,
6-H), 2.56 (br s, 1H, OH), 3.35 (dd, 2J=9.5, 3J=7.2 Hz, 1H, 1-Ha), 3.47
(dd, 2J=9.5, 3J=3.7 Hz, 1H, 1-Hb), 3.62 (t, 3J=6.7 Hz, 2H, 7-H), 3.80 (s,
3H, OCH3), 3.82 (dddd, 3J=9.9, 3J=7.2, 3J=6.2, 3J=3.7 Hz, 1H, 2-H),
4.48 (s, 2H, 1’-H), 5.46–5.56 (m, 2H, 4-H, 5-H), 6.88 (m, 2H, 3’’-H),


7.25 ppm (m, 2H, 2’’-H); 13C NMR (101 MHz, CDCl3): d=�5.3, �5.3 [Si-
ACHTUNGTRENNUNG(CH3)2], 18.4 [C ACHTUNGTRENNUNG(CH3)3], 25.9 [C ACHTUNGTRENNUNG(CH3)3], 31.0, 31.5 (C-2, C-5), 55.2
(OCH3), 62.7 (C-7), 70.1 (C-2), 73.0 (C-1’), 73.6 (C-1), 113.8 (C-3’’), 126.5
(C-5), 128.9 (C-4), 129.3 (C-2’’), 130.0 (C-1’’), 159.2 ppm (C-4’’); IR (film,
ATR): ñ=3450 (O-H-n); 3010 (arom. C-H-n); 2955, 2930, 2900, 2855
(aliph. C-H-n); 2840 (OCH3, C-H-n); 1655 (olef. C=C-n); 1615, 1585,
1515 (arom. C=C-n); 1470; 1465; 1360; 1300; 1250 (TBS); 1175; 1090
(TBS); 1035; 1005; 935; 830, 815, 755 cm�1 (TBS); MS (ESI-2): m/z (%):
419 (58) [M+K+], 403 (100) [M+Na+], 398 (42) [M+NH4


+]; 381 (47)
[M+H+]; elemental analysis calcd (%) for C21H36O4Si (380.6): C 66.27, H
9.53, found: C 66.22, H 9.49.


ACHTUNGTRENNUNG(1S,3Z)-1-Phenylhex-3-en-1-ol (45a) and (1R,3Z)-1-phenylhex-3-en-1-ol
(ent-45a): According to GP D allylboronate 39 (196 mg, 0.37 mmol,
1.00 equiv) in CH2Cl2 (184 mL) with benzaldehyde (45 mL, 47 mg,
0.44 mmol, 1.20 equiv) was used. Analogously, allylboronate 41 (193 mg,
0.36 mmol, 1.00 equiv) in CH2Cl2 (181 mL) with benzaldehyde (44 mL,
46 mg, 0.44 mmol, 1.20 equiv) was subjected to the reaction conditions.
The reaction mixtures were stirred at 0 8C for 24 h and at RT for 24 h.
Chromatography (16 g silica gel, petroleum ether/EtOAc 95:5 ! 85:15)
furnished spectroscopically pure colorless oils (45a : 54 mg, 0.31 mmol,
83%; HPLC: 99%, GC: > 99%; ent-45a : 44 mg, 0.25 mmol, 69%;
HPLC: >99%). Analytical data are in agreement with those reported in
the literature.[32] Rf =0.10 (petroleum ether/EtOAc 95:5); [a]20


D (45a)=


�58 (c=1.80 in CHCl3, ee > 99%), [a]20
D (ent-45a)=++65 (c=0.76 in


CHCl3, ee > 99%), ref.:[32] [a]25
D (ent-45a)=++63 (c=0.82 in CHCl3, ee


> 99%); HPLC (Chiralcel OD, hexane/iPrOH 99.4:0.6): tR (45a)=


12.5 min, tR (ent-45a)=9.4 min; 1H NMR (500 MHz, CDCl3): d=0.91 (t,
3J=7.5 Hz, 3H, 6-H), 2.01 (dqdd, 2J=14.6, 3J=7.5, 3J=7.3, 4J=1.6 Hz,
1H, 5-Ha), 2.03 (dqdd, 2J=14.6, 3J=7.5, 3J=7.3, 4J=1.6 Hz, 1H, 5-Hb),
2.12 (d, 3J=2.6 Hz, 1H, OH), 2.45 (dddd, 2J=14.3, 3J=6.9, 3J=5.4, 4J=


1.6 Hz, 1H, 2-Ha), 2.55 (dddd, 2J=14.3, 3J=6.9, 3J=7.8, 4J=1.6, 1H, 2-
Hb), 4.67 (ddd, 3J=7.8, 3J=5.4, 3J=2.6 Hz, 1H, 1-H), 5.34 (dtt, 3J=10.8,
3J=6.9, 4J=1.6 Hz, 1H, 3-H), 5.54 (dtt, 3J=10.8, 3J=7.3, 4J=1.6 Hz, 1H,
4-H), 7.23–7.27, 7.31–7.36 ppm (m, 5H, arom. CH); 13C NMR (126 MHz,
CDCl3): d=14.1 (C-6), 20.6 (C-5), 37.1 (C-2), 73.9 (C-1), 124.0 (C-3),
125.8, 127.4, 128.3 (arom. CH), 135.2 (C-4), 144.1 ppm (arom. Cipso); IR
(film): ñ=3530 (O-H-n); 3360 (br); 3070, 3040, 3010 (arom. C-H-n);
2990, 2940, 2910, 2850 (aliph. C-H-n); 1645 (olef. C=C-n); 1590, 1480
(arom. C=C-n); 1440; 1030; 735 (Ph, C-H-dout of plane); 680 cm�1 (Ph, ring-
d); MS (CI, NH3): m/z (%): 194 (26) [M+NH4


+], 176 (100) [M+];
HRMS (EI, 70 eV): m/z : calcd for C12H16O: 176.1201, found: 176.1202;
elemental analysis calcd (%) for C12H16O (176.3): C 81.77, H 9.15, found:
C 81.05, H 9.10.


ACHTUNGTRENNUNG(3R,5Z)-1-Phenyloct-5-en-3-ol (45b) and (3S,5Z)-1-phenyloct-5-en-3-ol
(ent-45b): According to GP D allylboronates 39 or 41 (200 mg,
0.38 mmol), respectively, in CH2Cl2 (189 mL) with 3-Phenylpropionalde-
hyde (60 mL, 61 mg, 0.45 mmol) were used. The reaction mixtures were
stirred at 0 8C for 24 h and at RT for 4 d. Chromatography (14 g silica
gel, petroleum ether/EtOAc 95:5 ! 90:10) and MPLC (petroleum ether/
EtOAc 95:5) furnished spectroscopically pure colorless oils (45b : 70 mg,
0.34 mmol, 91%; HPLC: ee 84%; ent-45b : 70 mg, 0.34 mmol, 91%;
HPLC: ee 95%); the analytical data are in agreement with those previ-
ously reported.[43] Rf =0.08 (petroleum ether/EtOAc 95:5), 0.30 (petro-
leum ether/EtOAc 85:15); [a]20


D (45b)=++9 (c=0.88 in CHCl3, ee 84%),
[a]20


D (ent-45b)=�12 (c=0.96 in CHCl3, ee 95%), ref.:[43] [a]20
D (ent-


45b)=�27 (c=1.00 in CHCl3, ee > 99%); HPLC (Chiralcel OD,
hexane/iPrOH 95:5): tR (45b)=16.0 min, tR (ent-45b)=24.7 min;
1H NMR (300 MHz, CDCl3): d =0.96 (t, 3J=7.5 Hz, 3H, 8-H), 1.70 (br s,
1H, OH), 1.79 (m, 2H, 2-H), 2.07 (qddt, 3J=7.5, 3J=7.2, 4J=1.6, 5J=


0.7 Hz, 2H, 7-H), 2.24 (m, 2H, 4-H), 2.68 (ddd, 2J=13.8, 3J=9.2, 3J=


7.3 Hz, 1H, 1-Ha), 2.81 (ddd, 2J=13.8, 3J=8.8, 3J=6.9 Hz, 1H, 1-Hb),
3.64 (dddd, 3J=7.6, 3J=6.8, 3J=5.6, 3J=4.8 Hz, 1H, 3-H), 5.36 (dtt, 3J=


10.9, 3J=7.3, 4J=1.6 Hz, 1H, 5-H), 5.57 (dtt, 3J=10.9, 3J=7.2, 4J=


1.4 Hz, 1H, 6-H), 7.15–7.31 ppm (m, 5H, arom. CH); 13C NMR
(101 MHz, CDCl3): d=14.2 (C-8), 20.7 (C-7), 32.1 (C-1), 35.3 (C-4), 38.4
(C-2), 70.6 (C-3), 124.2 (C-5), 125.7, 128.3, 128.4 (arom. CH), 135.3 (C-6),
142.1 ppm (arom. Cipso); IR (film): ñ=3565 (O-H-n); 3350 (br, O-H-n);
3085, 3065, 3025, 3010 (arom. C-H-n), 2960, 2930, 2875 (aliph. C-H-n);
1655 (olef. C=C-n); 1605, 1585, 1495 (arom. C=C-n); 1455; 1070; 1050;
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1030; 745 (Ph, C-H-dout of plane); 720; 695 cm�1 (Ph, ring-d); MS (CI, CH4):
m/z (%): 205 (6) [M+H+], 187 (100) [M�OH+].


ACHTUNGTRENNUNG(2S,4Z)-1-(4’-Methoxybenzyloxy)hept-4-en-2-ol (45c) and (2R,4Z)-1-(4’-
methoxybenzyloxy)hept-4-en-2-ol (ent-45c) According to GP D allylbor-
onates 39 or 41 (200 mg, 0.38 mmol), respectively, in CH2Cl2 (188 mL)
with 42c (135 mg, 0.75 mmol) were used. The reaction mixtures were
stirred at 0 8C for 24 h and at RT for 24 h. Chromatography (16 g silica
gel, petroleum ether/EtOAc 90:10) furnished spectroscopically pure col-
orless oils (ent-45c : 84 mg, 0.34 mmol, 89%; HPLC: ee 89%), MPLC
(petroleum ether/EtOAc 85:15) yielded the corresponding analytically
pure samples (45c : 83 mg, 0.33 mmol, 88%; HPLC: ee 94%). Rf =0.27
(petroleum ether/EtOAc 80:20), 0.45 (petroleum ether/EtOAc 70:30;
[a]20


D (45c)=++2 (c=1.66 in CHCl3, ee 94%), [a]20
D (ent-45c)=�3 (c=


1.64 in CHCl3, ee 89%); HPLC (Chiralcel OD-H, hexane/iPrOH
99.6:0.4): tR (45c)=112.6 min, tR (ent-45c)=100.8 min; 1H NMR
(400 MHz, CDCl3): d=0.96 (t, 3J=7.5 Hz, 3H, 7-H), 2.05 (qddt, 3J=7.5,
3J=7.2, 3J=1.5, 4J=0.7 Hz, 2H, 6-H), 2.23 (ddddt, 2J=14.4, 3J=7.4, 3J=


6.5, 3J=1.5, 3J=0.7 Hz, 1H, 3-Ha), 2.26 (ddddt, 2J=14.4, 3J=7.4, 3J=6.5,
3J=1.5, 3J=0.7 Hz, 1H, 3-Hb), 2.41 (br s, 1H, OH), 3.34 (dd, 2J=9.5, 3J=


7.4 Hz, 1H, 1-Ha), 3.49 (dd, 2J=9.5, 3J=3.3 Hz, 1H, 1-Hb), 3.80 (s, 3H,
OCH3), 3.81 (dtd, 3J=7.4, 3J=6.5, 3J=3.3 Hz, 1H, 2-H), 4.48 (s, 2H, 1’-
H), 5.49 (dtt, 3J=10.8, 3J=7.4, 4J=1.5 Hz, 1H, 4-H), 5.53 (dtt, 3J=10.8,
3J=7.2, 4J=1.5 Hz, 1H, 5-H), 6.88 (m, 2H, 3’’-H), 7.26 ppm (m, 2H, 2’’-
H); 13C NMR (101 MHz, CDCl3): d=14.1 (C-7), 20.6 (C-6), 31.1 (C-3),
55.2 (OCH3), 70.2 (C-2), 73.0 (C-1’), 73.6 (C-1), 113.8 (C-3’’), 123.9 (C-4),
129.3 (C-2’’), 130.0 (C-1’’), 134.4 (C-5), 159.2 ppm (C-4’’); IR (film,
ATR): ñ=3440 (O-H-n); 3005 (arom. C-H-n); 2960, 2935, 2905, 2870
(aliph. C-H-n); 2835 (OCH3, C-H-n); 1655 (olef. C=C-n); 1610, 1585,
1515 (arom. C=C-n); 1465; 1300; 1245; 1175; 1100; 1035; 820 (1,4-disub-
stituted benzene ring); 720 cm�1; MS (EI, 70 eV): m/z (%): 250 (6) [M+],
121 (100) [C8H9O


+]; HRMS (EI, 70 eV): m/z : calcd for C15H22O3:
250.1569, found: 250.1569; elemental analysis calcd (%) for C15H22O3


(250.3): C 71.97, H 8.86, found: C 71.63, H 8.85.


Allyl additions to 2,3-O-isopropylidene-d-glyceraldehyde (42d)


(6S,4’R,3Z)- and (6R,4’R,3Z)-ethyl 6-(2’,2’-dimethyl-1’,3’-dioxolan-4’-yl)-
6-hydroxyhex-3-enoate (31d and epi-31d): According to GP D allylboro-
nate 15 (232 mg, 0.39 mmol) was treated with a solution of (R)-aldehyde
42d (72 mg, 0.55 mmol) in CH2Cl2 (�200 mL). The reaction mixture was
stirred at RT for 30 h. Chromatography (petroleum ether/EtOAc 85:15
! 80:20) gave a spectroscopically pure colorless oil [88 mg, 0.34 mmol,
86%; 1H NMR: dr (31d/epi-31d) 97:3], one additional chromatography
(10 g silica gel, petroleum ether/EtOAc 85:15) furnished an analytically
pure sample. According to GP D allylboronate 16 (233 mg, 0.40 mmol)
was treated with a solution of (R)-aldehyde 42d (72 mg, 0.55 mmol) in
CH2Cl2 (�200 mL). The reaction mixture was stirred at RT for 22 h.
Chromatography (petroleum ether/EtOAc 85:15) gave a spectroscopical-
ly pure colorless oil [91 mg, 0.35 mmol, 89%; 1H NMR: dr (31d/epi-31d)
30:70], further chromatography furnished an analytically pure sample.
According to GP D allylboronate ent-15 (300 mg, 0.51 mmol) was treated
with a solution of (R)-aldehyde 42d (187 mg, 1.44 mmol) in CH2Cl2
(�450 mL). The reaction mixture was stirred at 0 8C for 24 h and at RT
for 3 d and 19 h. Chromatography (petroleum ether/EtOAc 85:15 !
75:25) gave a spectroscopically pure colorless oil [121 mg, 0.47 mmol,
92%; 1H NMR: dr (31d/epi-31d) 35:65]. According to GP D allylboro-
nate ent-16 (300 mg, 0.51 mmol) was treated with a solution of (R)-alde-
hyde 42d (187 mg, 1.44 mmol) in CH2Cl2 (�450 mL). The reaction mix-
ture was stirred at 0 8C for 24 h and at RT for 3 d and 19 h. Chromatogra-
phy (petroleum ether/EtOAc 85:15 ! 75:25) furnished a spectroscopical-
ly pure colorless oil [120 mg, 0.47 mmol, 91%; 1H NMR: dr (31d/epi-
31d) > 99:1]. Rf (31d)=Rf (epi-31d)=0.07 (petroleum ether/EtOAc
80:20); [a]20


D =�5 [c=0.96 in CHCl3, dr (31d/epi-31d) 97:3], [a]20
D =�5


[c=1.44 in CHCl3, dr (31d/epi-31d) > 99:1], [a]20
D =++14 [c=1.22 in


CHCl3, dr (31d/epi-31d) 35:65]; epi-31d : 1H NMR (500 MHz, CDCl3):
d=1.26 (t, 3J=7.1 Hz, 3H, 2’’-H), 1.36, 1.42 (2 s, 6H, 2’-CH3), 2.22–2.29
(m, 1H, 5-Ha), 2.34–2.40 (m, 1H, 5-Hb), 2.75 (br s, 1H, OH), 3.05–3.17
(m, 2H, 2-H), 3.70 (ddd, 3J=8.2, 3J=5.8, 3J=4.1 Hz, 1H, 6-H), 3.95 (dd,
2J=7.5, 3J=5.9 Hz, 1H, 5’-Ha), 3.99 (ddd, 3J=6.0, 3J=5.9, 3J=5.8 Hz,
1H, 4’-H), 4.05 (dd, 2J=7.5, 3J=6.0 Hz, 1H, 5’-Hb), 4.15 (q, 3J=7.1 Hz,


2H, 1’’-H), 5.71 ppm (m, 2H, 3-H, 4-H); 13C NMR (126 MHz, CDCl3):
d=14.1 (C-2’’), 25.2, 26.6 (2’-CH3), 31.5 (C-5), 33.0 (C-2), 61.0 (C-1’’),
65.9 (C-5’), 71.1 (C-6), 78.1 (C-4’), 109.1 (C-2’), 124.3 (C-3), 128.9 (C-4),
172.1 ppm (C-1); IR (solution in CDCl3): ñ=3565 (O-H-n); 3450 (br);
3010 (olef. C-H-n); 2970, 2920, 2870 (aliph. C-H-n); 1720 (C=O-n); 1650
(olef. C=C-n); 1440; 1370, 1360 (CH3, C-H-ds) ; 1315; 1240; 1200; 1165;
1145; 1050; 1015; 830 cm�1; MS (AUTO-CI): m/z (%): 259 (100) [M+H+],
243 (54) [M�CH3


+]; HRMS (AUTO-CI): m/z : calcd for C13H23O5:
259.1545, found: 259.1547; elemental analysis calcd (%) for C13H22O5


(258.3): C 60.45, H 8.58, found: C 60.33, H 8.64; epi-31d : 1H NMR
(500 MHz, CDCl3): d =1.26 (t, 3J=7.1 Hz, 3H, 2’-H), 1.36, 1.44 (2s, 6H,
2’-CH3), 2.24–2.32 (m, 2H, 5-H), 2.54 (d, 3J=4.9 Hz, 1H, OH), 3.06–3.17
(m, 2H, 2-H), 3.59 (m, 1H, 6-H), 3.78 (dd, 3J=7.9, 3J=6.5 Hz, 1H, 5’-
Ha), 4.00–4.07 (m, 2H, 4’-H, 5’-Hb), 4.14 (q, 3J=7.1 Hz, 2H, 1’’-H), 5.65–
5.76 ppm (m, 2H, 3-H, 4-H); 13C NMR (75 MHz, CDCl3): d=14.1 (C-2’’),
25.1, 26.4 (2’-CH3), 31.8 (C-5), 32.9 (C-2), 60.7 (C-1’’), 65.8 (C-5’), 71.2
(C-6), 78.1 (C-4’), 109.3 (C-2’), 123.9 (C-3), 128.4 (C-4), 171.8 ppm (C-1);
IR (solution in CDCl3): ñ=3565 (O-H-n); 3450 (br); 3010 (olef. C-H-n);
2970, 2920, 2890, 2870 (aliph. C-H-n); 1720 (C=O-n); 1650 (olef. C=C-n);
1590; 1440; 1370, 1360 (CH3, C-H-ds) ; 1315; 1240; 1200; 1170; 1140;
1050; 1015; 835 cm�1; MS (CI, CH4): m/z (%): 259 (100) [M+H+], 243
(65) [M�CH3


+]; HRMS (AUTO-CI): m/z : calcd for C13H23O5: 259.1545,
found: 259.1545; elemental analysis calcd (%) for C13H22O5 (258.3): C
60.45, H 8.58, found: C 60.10, H 8.59.


(6S,4’R,3Z)-6-(2’,2’-Dimethyl-1’,3’-dioxolan-4’-yl)-6-hydroxyhex-3-enoic
acid dimethylamide (43d): According to GP D allylboronate 18 (152 mg,
0.26 mmol) was treated with (R)-aldehyde 42d (47 mg, 0.36 mmol) in
CH2Cl2 (�150 mL). The reaction mixture was stirred at RT for 43 h.
Chromatography (EtOAc) gave a spectroscopically pure colorless oil
[42 mg, 0.16 mmol, 63%; 1H NMR: dr (43d/epi-43d) > 99:1]; Rf =0.19
(EtOAc); [a]20


D =�24 [c=0.32, CHCl3, dr (43d/epi-43d) > 99:1],
1H NMR (500 MHz, CDCl3): d=1.36, 1.42 (2s, 6H, 2’-CH3), 2.31 (dddd,
2J=14.0, 3J=8.9, 3J=8.5, 3J=1.3 Hz, 1H, 5-Ha), 2.45 (dddd, 2J=14.0, 3J=


6.8, 3J=3.2, 3J=1.3 Hz, 1H, 5-Hb), 2.95, 3.07 [2s, 6H, N ACHTUNGTRENNUNG(CH3)2], 3.15 (dd,
3J=7.5, 4J=1.3 Hz, 2H, 2-H), 3.60 (dddd, 3J=8.5, 3J=7.2, 3J=4.2, 3J=


3.2 Hz, 1H, 6-H), 3.87 (d, 3J=4.2 Hz, 1H, OH), 3.93–3.99, 4.1 (2m, 3H,
4’-H, 5’-H), 5.68 (dtt, 3J=10.8, 3J=7.6, 3J=1.3 Hz, 1H, 3-H), 5.76 ppm
(dddt, 3J=10.8, 3J=8.9, 3J=6.8, 3J=1.3 Hz, 1H, 4-H); 13C NMR
(126 MHz, CDCl3): d=25.3, 26.7 (2’-CH3), 31.6 (C-2), 31.9 (C-5), 35.8,
37.5 [N ACHTUNGTRENNUNG(CH3)2], 67.0 (C-5’), 71.7 (C-6), 78.4 (C-4’), 109.1 (C-2’), 124.9 (C-
3), 129.5 (C-4), 171.7 ppm (C-1); IR (solution in CDCl3): ñ=3580 (O-H-
n); 3340 (br); 3005 (olef. C-H-n); 2970, 2920, 2870 (aliph. C-H-n); 1625
(C=O-n, olef. C=C-n); 1485; 1475; 1440; 1430; 1390; 1370, 1360 (CH3, C-
H-ds) ; 1245; 1200; 1140; 1050; 830 cm�1; MS (CI, CH4): m/z (%): 258
(100) [M+H+], 242 (19) [M�CH3


+]; HRMS (AUTO-CI): m/z : calcd for
C13H24NO4: 258.1705, found: 258.1708.


(6R,4’R,3Z)-6-(2’,2’-Dimethyl-1’,3’-dioxolan-4’-yl)-6-hydroxyhex-3-enoic
acid dimethylamide (epi-43d): According to GP D allylboronate 19
(142 mg, 0.24 mmol) was treated with (R)-aldehyde 42d (44 mg,
0.34 mmol) in CH2Cl2 (�150 mL). The reaction mixture was stirred at RT
for 18 h. Chromatography (EtOAc) yielded a spectroscopically pure col-
orless oil [47 mg, 0.18 mmol, 75%; 1H NMR: dr (43d/epi-43d) 27:73];
Rf =0.15 (EtOAc); [a]20


D =++28 [c=0.18, CHCl3, dr (43d/epi-43d) 13:87
(enriched fraction)]; 1H NMR (500 MHz, CDCl3), d=1.37, 1.45 (2s, 6H,
2’-CH3), 2.22–2.27 (m, 1H, 5-Ha), 2.30–2.36 (m, 1H, 5-Hb), 2.95, 3.04 [2s,
6H, N ACHTUNGTRENNUNG(CH3)2], 3.02 (d, 3J=5.5 Hz, 1H, OH), 3.14–3.16 (m, 2H, 2-H),
3.60 �3.64 (m, 1H, 6-H), 3.82 (dd, 2J=8.1, 3J=6.7 Hz, 1H, 5’-Ha), 4.02
(dd, 2J=8.1, 3J=6.7 Hz, 1H, 5’-Hb), 4.10 (ddd, 3J=6.7, 3J=6.7, 3J=


5.0 Hz, 1H, 4’-H), 5.66–5.77 ppm (m, 2H, 3-H, 4-H); 13C NMR
(126 MHz, CDCl3), d=25.2, 26.5 (2’-CH3), 31.8 (C-5), 32.1 (C-2), 35.6,
37.4 [N ACHTUNGTRENNUNG(CH3)2], 65.9 (C-5’), 71.1 (C-6), 78.2 (C-4’), 109.3 (C-2’), 125.0 (C-
3), 128.5 (C-4), 171.3 ppm (C-1); IR (solution in CDCl3): ñ=3570 (O-H-
n); 3340 (br); 3010 (olef. C-H-n); 2970, 2920, 2870 (aliph. C-H-n); 1625
(C=O-n, olef. C=C-n); 1480; 1440; 1390; 1370, 1360 (CH3, C-H-ds) ; 1245;
1200; 1140; 1050; 835 cm�1; MS (EI, 70 eV): m/z (%): 242 (8) [M�CH3


+],
199 (12) [M�C3H6O


+], 156 (59) [M�C5H9O2
+], 127 (37) [C7H15NO+],


101 (10) [C5H9O2
+], 72 (100) [Me2NCO+]; HRMS (AUTO-CI): m/z :


calcd for C13H24NO4: 258.1705, found: 258.1707.
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(1S,4’R,3Z)-6-(tert-Butyldimethylsilyloxy)-1-(2’,2’-dimethyl-1’,3’-dioxolan-
4’-yl)-3-hexen-1-ol (44d): According to GP E allylboronate 35 (200 mg,
0.30 mmol) in CH2Cl2 (�200 mL) was treated with (R)-aldehyde 42d
(59 mg, 0.45 mmol) in CH2Cl2 (�50 mL). The reaction mixture was
stirred at 0 8C for 24 h and at RT for 48 h. For the reduction THF
(10 mL) and LiAlH4 (106 mg, 2.79 mmol), for the workup H2O (128 mL),
15% aqueous NaOH solution (128 mL) and H2O (380 mL) were used.
Chromatography (petroleum ether/EtOAc 90:10) furnished a spectro-
scopically pure colorless oil [81 mg, 0.25 mmol, 81%; 13C NMR: dr (44d/
epi-44d) 89:11]. Rf (44d)=0.15 (petroleum ether/EtOAc 85:15), 0.44 (pe-
troleum ether/EtOAc 70:30); [a]20


D =++3 [c=1.26, CHCl3, dr (44d/epi-
44d) 89:11]; 1H NMR (400 MHz, CDCl3): d=0.06 [s, 6H, Si ACHTUNGTRENNUNG(CH3)2], 0.89
[s, 9H, C ACHTUNGTRENNUNG(CH3)3], 1.36, 1.42 [2 s, 6H, C ACHTUNGTRENNUNG(CH3)2], 2.18–2.40 (m, 4H, 2-H, 5-
H), 2.56 (d, 3J=3.7 Hz, 1H, OH), 3.61–3.69 (m, 3H, 1-H, 6-H), 3.94 (dd,
2J=6.6, 3J=5.4 Hz, 1H, 5’-Ha), 3.98 (ddd, 3J=5.8, 3J=5.6, 3J=5.4 Hz,
1H, 4’-H), 4.03 (dd, 2J=6.6, 3J=5.6 Hz, 1H, 5’-Hb), 5.51–5.62 ppm (m,
2H, 3-H, 4-H); 13C NMR (101 MHz, CDCl3): d=�5.4, �5.4 [Si ACHTUNGTRENNUNG(CH3)2],
18.4 [CACHTUNGTRENNUNG(CH3)3], 25.3, 26.6 [C ACHTUNGTRENNUNG(CH3)2], 26.0 [C ACHTUNGTRENNUNG(CH3)3], 30.9, 31.3 (C-2, C-
5), 62.7 (C-6), 65.9 (C-5’), 71.3 (C-1), 78.1 (C-4’), 109.0 (C-2’), 126.4 (C-
4), 130.1 ppm (C-3); IR (film, ATR): ñ =3470 (br, O-H-n); 3010 (olef. C-
H-n); 2985, 2955, 2930, 2885, 2860 (aliph. C-H-n); 1655 (olef. C=C-n);
1470; 1465; 1380, 1370 (CH3, C-H-ds) ; 1255 (TBS); 1215; 1155; 1095
(TBS); 1065; 930; 830, 805, 775 cm�1 (TBS); MS (EI, 70 eV): m/z (%):
330 (0.01) [M+], 315 (7) [M�CH3


+], 273 (1) [M�CMe3
+], 215 (22)


[M�TBS+]; HRMS (CI, CH4): m/z : calcd for C17H35O4Si: 331.2299,
found: 331.2305.


(1R,4’R,3Z)-6-(tert-Butyldimethylsilyloxy)-1-(2’,2’-dimethyl-1’,3’-dioxo-
lan-4’-yl)hex-3-en-1-ol (epi-44d): According to GP E allylboronate 37
(200 mg, 0.30 mmol) in CH2Cl2 (�200 mL) was treated with (R)-aldehyde
42d (59 mg, 0.45 mmol) in CH2Cl2 (�50 mL). The reaction mixture was
stirred at 0 8C for 24 h and at RT for 48 h. For the reduction THF
(10 mL) and LiAlH4 (46 mg, 1.21 mmol), for the workup H2O (56 mL),
15% aqueous NaOH solution (56 mL) and H2O (164 mL) were used.
Chromatography (18 g silica gel, petroleum ether/EtOAc 90:10) gave a
spectroscopically pure colorless oil [90 mg, 0.27 mmol, 90%; 13C NMR:
dr (44d/epi-44d) 29:71]. Rf (epi-44d)=0.15 (petroleum ether/EtOAc
85:15), 0.44 (petroleum ether/EtOAc 70:30); [a]20


D =++9 (c=1.80, CHCl3,
dr (44d/epi-44d) 29:71]; 1H NMR (400 MHz, CDCl3): d=0.06 [s, 6H, Si-
ACHTUNGTRENNUNG(CH3)2], 0.89 [s, 9H, C ACHTUNGTRENNUNG(CH3)3], 1.37, 1.43 [2 s, 6H, C ACHTUNGTRENNUNG(CH3)2], 2.22–2.35
(m, 4H, 2-H, 5-H), 2.38 (d, 3J=5.3 Hz, 1H, OH), 3.56 (dddd, 3J=7.4,
3J=5.3, 3J=5.3, 3J=5.3 Hz, 1H, 1-H), 3.63 (m, 2H, 6-H), 3.76 (dd, 2J=


7.7, 3J=6.4 Hz, 1H, 5’-Ha), 4.00 (dd, 2J=7.7, 3J=6.5 Hz, 1H, 5’-Hb), 4.05
(ddd, 3J=6.5, 3J=6.4, 3J=5.3 Hz, 1H, 4’-H), 5.50–5.62 ppm (m, 2H, 3-H,
4-H); 13C NMR (101 MHz, CDCl3): d=�5.3, �5.3 [SiACHTUNGTRENNUNG(CH3)2], 18.4 [C-
ACHTUNGTRENNUNG(CH3)3], 25.3, 26.6 [C ACHTUNGTRENNUNG(CH3)2], 25.9 [C ACHTUNGTRENNUNG(CH3)3], 31.1, 31.8 (C-2, C-5), 62.7
(C-6), 66.6 (C-5’), 71.7 (C-1), 78.3 (C-4’), 109.3 (C-2’), 126.3 (C-4),
129.2 ppm (C-3); IR (film, ATR): ñ =3475 (O-H-n); 3000 (C-H-n); 2985,
2955, 2930, 2885, 2860 (aliph. C-H-n); 1655 (olef. C=C-n); 1470, 1465;
1380, 1370 (CH3, C-H-ds) ; 1255 (TBS); 1215; 1155; 1095 (TBS); 1065;
930; 830, 805, 775 cm�1 (TBS); MS (EI, 70 eV): m/z (%): 330 (0.07) [M+],
315 (3) [M�Me+], 273 (11) [M�CMe3


+], 215 (42) [M�TBS+]; MS (CI,
CH4): m/z (%): 331 (90) [M+H+], 315 (49) [M�Me+], 273 (100)
[M�CMe3


+], 215 (78) [M�TBS+]; HRMS (CI, CH4): m/z : calcd for
C17H35O4Si: 331.2299, found: 331.2303.


(1S,4’R,3Z)-1-(2’,2’-Dimethyl-1’,3’-dioxolan-4’-yl)hex-3-en-1-ol (45d): Ac-
cording to GP E allylboronate 39 (200 mg, 0.38 mmol) in CH2Cl2
(�200 mL) was treated with (R)-aldehyde 42d (73 mg, 0.56 mmol)in
CH2Cl2 (�50 mL). The reaction mixture was stirred at 0 8C for 24 h and
at RT for 48 h. For the reduction THF (4 mL) and LiAlH4 (57 mg,
1.50 mmol), for the work up H2O (69 mL), 15% aqueous NaOH solution
(69 mL) und H2O (205 mL) were used. Chromatography (petroleum ether/
EtOAc 90:10) furnisged a slightly impure colorless oil [52 mg, 0.26 mmol,
69%; 1H NMR: dr (45d/epi-45d) 96:4]. Rf =0.12 (petroleum ether/
EtOAc 85:15), 0.54 (petroleum ether/EtOAc 70:30); [a]20


D =++14 [c=1.65,
CHCl3, dr (45d/epi-45d 96:4]; 1H NMR (400 MHz, CDCl3): d =0.97 (t,
3J=7.5 Hz, 3H, 6-H), 1.37 (s, 3H, 2’-CHa3), 1.43 (s, 3H, 2’-CHb3), 2.01 (d,
3J=3.2 Hz, 1H, OH), 2.07 (qddddd, 3J=7.5, 3J=7.3, 4J=1.6, 5J=0.8, 5J=


0.7 Hz, 2H, 5-H), 2.23 (ddddt, 3J=14.5, 3J=7.6, 3J=7.5, 4J=1.5, 5J=


0.7 Hz, 1H, 2-Ha), 2.27 (ddddt, 3J=14.5, 3J=5.5, 3J=7.5, 4J=1.5, 3J=


0.8 Hz, 1H, 2-Hb), 3.75 (dddd, 3J=7.6, 3J=5.5, 3J=4.9, 3J=3.2 Hz, 1H, 1-
H), 3.94 (dd, 2J=7.4, 3J=6.2 Hz, 1H, 5’-Ha), 4.00 (dd, 2J=7.4, 3J=6.2 Hz,
1H, 5’-Hb), 4.03 (ddd, 3J=6.2, 3J=6.2, 3J=4.9 Hz, 1H, 4’-H), 5.38 (dtt,
3J=10.8, 3J=7.5, 4J=1.6 Hz, 1H, 3-H), 5.58 ppm (dtt, 3J=10.8, 3J=7.3,
4J4,2 =1.5 Hz, 1H, 4-H); 13C NMR (101 MHz, CDCl3): d=14.2 (C-6), 20.6
(C-5), 25.2 (2’-CaH3), 26.5 (2’-CbH3), 30.9 (C-2), 65.1 (C-5’), 71.0 (C-1),
78.1 (C-4’), 109.0 (C-2’), 123.5 (C-3), 135.4 ppm (C-4); IR (film): ñ =3465
(O-H-n); 3000 (olef. C-H-n); 2985, 2965, 2935, 2875 (aliph. C-H-n); 1655
(olef. C=C-n); 1455; 1380, 1370 (CH3, C-H-ds) ; 1250; 1210; 1155; 1060;
850 cm�1; MS (EI, 70 eV): m/z (%): 200 (5) [M+], 185 (29) [M�CH3


+],
182 (4) [M�H2O


+], 142 (8) [M�C3H6O
+], 131 (23) [C6H11O3


+], 101
(100) [C5H9O2


+], 59 (73) [C3H7O
+], 43 (90) [C2H3O


+]; HRMS (EI,
70 eV): m/z : calcd for C11H20O3: 200.1413, found: 200.1413.


(1R,4’R,3Z)-1-(2’,2’-Dimethyl-1’,3’-dioxolan-4’-yl)-3-hexen-1-ol (epi-45d):
According to GP E allylboronate 41 (200 mg, 0.38 mmol) in CH2Cl2
(�200 mL) was treated with a solution of (R)-aldehyde 42d (73 mg,
0.56 mmol) in CH2Cl2 (�50 mL). The reaction mixture was stirred at 0 8C
for 24 h and at RT for 48 h. For the reduction THF (4 mL) and LiAlH4


(57 mg, 1.50 mmol), for the workup H2O (69 mL), 15% aqueous NaOH
solution (69 mL) and H2O (205 mL) were used. Chromatography (petro-
leum ether/EtOAc 90:10) furnished a slightly impure colorless oil [54 mg,
0.27 mmol, 72%; 1H NMR: dr (45d/epi-45d) 30:70]; Rf (epi-45d)=0.17
(petroleum ether/EtOAc 85:15), 0.59 (petroleum ether/EtOAc 70:30);
[a]20


D =++9 [c=1.04, CHCl3, dr (45d/epi-45d) 30:70]; 1H NMR (400 MHz,
CDCl3): d=0.97 (t, 3J=7.5 Hz, 3H, 6-H), 1.37 (s, 3H, 2’-CHa3), 1.44 (s,
3H, 2’-CHb3), 2.06 (m, 2H, 5-H), 2.27 (d, 3J=5.4 Hz, 1H, OH), 2.16–2.31
(m, 2H, 2-H), 3.55 (dddd, 3J=7.1, 3J=5.6, 3J=5.5, 3J=5.4 Hz, 1H, 1-H),
3.76 (dd, 2J=7.4, 3J=6.2 Hz, 1H, 5’-Ha), 3.97–4.07 (m, 2H, 5’-Hb, 4’-H),
5.40 (dtt, 3J=10.8, 3J=7.3, 4J=1.5 Hz, 1H, 3-H), 5.54 ppm (dtt, 3J=10.8,
3J=7.2, 4J=1.5 Hz, 1H, 4-H); 13C NMR (101 MHz, CDCl3): d=14.1 (C-
6), 20.6 (C-5), 25.3 (2’-CaH3), 26.6 (2’-CbH3), 31.6 (C-2), 66.1 (C-5’), 71.8
(C-1), 78.3 (C-4’), 109.3 (C-2’), 123.6 (C-3), 134.7 ppm (C-4); IR (film):
ñ=3465 (O-H-n); 3000 (olef. C-H-n); 2985, 2965, 2935, 2875 (aliph. C-H-
n); 1655 (olef. C=C-n); 1455; 1380, 1370 (CH3, C-H-ds) ; 1250; 1210; 1155;
1060; 855; 700 cm�1; MS (EI, 70 eV): m/z (%): 200 (5) [M+], 185 (29)
[M�CH3


+], 182 (3) [M�H2O
+], 142 (8) [M�C3H6O


+], 131 (61)
[C6H11O3


+], 101 (93) [C5H9O2
+], 59 (100) [C3H7O


+], 43 (93) [C2H3O
+];


HRMS (EI, 70 eV): m/z : calcd for C11H20O3: 200.1413, found: 200.1413.


(6R,4’R,3Z)-6-Benzoyloxy-6-(2’,2’-dimethyl-1’,3’-dioxolan-4’-yl)-hex-3-
enoic acid dimethylamide (48) and (6S,4’R,3Z)-6-benzoyloxy-6-(2’,2’-di-
methyl-1’,3’-dioxolan-4’-yl)hex-3-enoic acid dimethylamide (epi-48): The
mixture of diastereomers 43d/epi-43d �24:76 (50 mg, 0.19 mmol) was
dissolved in CH2Cl2 (583 mL) and pyridine (583 mL) was added. Benzoyl
chloride (25 mL, 0.214 mmol) was added three times for completion of
the reaction, whereas a colorless solid precipitated. Chromatography (6 g
silica gel, EtOAc) yielded a spectroscopically pure colorless oil
(0.17 mmol, 63 mg, 90%; 1H NMR: dr (48/epi-48) 28:72). The two diaste-
reomers were almost completely separated by means of MPLC: Analyti-
cal data for 48 [25 mg, 0.07 mmol, 36%; 1H NMR: dr (48/epi-48) 6:94];
Rf =0.27 (EtOAc); [a]20


D =++11 [c=1.15, CHCl3, dr (48/epi-48) 6:94];
1H NMR (500 MHz, CDCl3): d=1.36, 1.48 (2s, 6H, 2’-CH3), 2.58 (m, 2H,
5-H), 2.92, 2.98 [2s, 6H, N ACHTUNGTRENNUNG(CH3)2], 3.13 (ddd, 2J=16.6, 3J=6.7, 3J=


1.9 Hz, 1H, 2-Ha), 3.20 (ddd, 2J=16.6, 3J=7.1, 3J=1.9 Hz, 1H, 2-Hb),
3.81 (dd, 2J=8.5, 3J=6.3 Hz, 1H, 5’-Ha), 4.05 (dd, 2J=8.5, 3J=6.8 Hz,
1H, 5’-Hb), 4.34 (ddd, 3J=6.8, 3J=6.3, 3J=3.9 Hz, 1H, 4’-H), 5.17 (td,
3J=6.8, 3J=3.9, 1H, 6-H), 5.63 (dtt, 3J=10.8, 3J=7.5, 3J=1.9 Hz, 1H, 4-
H), 5.77 (dddt, 3J=10.8, 3J=7.1, 3J=6.7, 4J=1.5 Hz, 1H, 3-H), 7.43–7.46,
7.55–7.59, 8.05–8.07 ppm (3 m, 5H, arom CH), 13C NMR (126 MHz,
CDCl3): d =25.3, 26.4 (2’-CH3), 29.2 (C-5), 32.4 (C-2), 35.5, 37.2 [N-
ACHTUNGTRENNUNG(CH3)2], 65.6 (C-5’), 72.9 (C-6), 75.7 (C-4’), 109.5 (C-2’), 126.0 (C-4),
126.2 (C-3), 128.4, 129.7, 133.1 (arom. CH), 130.1 (arom. Cipso), 166.1
(PhCO), 170.9 ppm (C-1); IR (film, ATR): ñ=3030 (arom. C-H-n); 2985,
2935, 2885 (aliph. C-H-n); 1715 (C=O-n, ester); 1645 (C=O-n, amide);
1490; 1450; 1395; 1380, 1370 (CH3, C-H-ds) ; 1270; 1215; 1110; 1065 cm�1;
MS (EI, 70 eV): m/z (%): 361 (2) [M+], 346 (10) [M�CH3


+], 303 (6)
[M�C3H6O


+], 240 (52) [M�PhCO2
+], 239 (14) [M�PhCO2H


+], 105
(100) [PhCO+]; elemental analysis calcd (%) for C20H27NO5 (361.4): C
66.46, H 7.53, N 3.88, found: C 66.26, H 7.61, N 3.76. Analytical data for
epi-48 [7 mg, 0.02 mmol, 10%; 1H NMR: dr (48/epi-48) > 99:1]; Rf =0.27
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(EtOAc); [a]20
D =++35 [c=0.10, CHCl3, dr (48/epi-48) > 99:1]; 1H NMR


(500 MHz, CDCl3): d=1.36, 1.39 (2 s, 6H, 2’-CH3), 2.58 (m, 2H, 5-H),
2.90, 2.94 [2s, 6H, N ACHTUNGTRENNUNG(CH3)2], 3.12 (m, 2H, 2-H), 3.93 (dd, 2J=8.5, 3J=


5.9 Hz, 1H, 5’-Ha), 4.09 (dd, 2J=8.5, 3J=6.5 Hz, 1H, 5’-Hb), 4.30 (ddd,
3J=6.5, 3J=6.2, 3J=5.9 Hz, 1H, 4’-H), 5.23 (m, 1H, 6-H), 5.65 (dtt, 3J=


10.9, 3J=7.4, 4J=1.8 Hz, 1H, 4-H), 5.77 (dtt, 3J=10.9, 3J=6.9, 4J=


1.5 Hz, 1H, 3-H), 7.43–7.46, 7.55–7.59, 8.01–8.03 ppm (3 m, 5H, arom
CH); 13C NMR (126 MHz, CDCl3): d =25.3, 26.6 (2’-CH3), 29.1 (C-5),
32.5 (C-2), 35.5, 37.2 [N ACHTUNGTRENNUNG(CH3)2], 66.4 (C-5’), 73.9 (C-6), 75.9 (C-4’), 109.7
(C-2’), 125.9 (C-4), 126.1 (C-3), 128.4, 129.7, 133.2 (arom. CH), 130.0
(arom. Cipso), 165.8 (PhCO), 170.9 ppm (C-1); IR (solution in CDCl3): ñ=


3050, 3010 (arom. C-H-n); 2970, 2920, 2870 (aliph. C-H-n); 1710 (C=O-n,
ester); 1630 (C=O-n); 1590; 1575; 1480; 1440; 1390; 1370, 1360 (CH3, C-
H-ds) ; 1300; 1260; 1200; 1165; 1100; 1055 cm�1; MS (CI, CH4): m/z (%):
362 (33) [M+H+], 346 (16) [M�CH3


+], 240 (100) [M�PhCO2
+], 105


(50) [PhCO+]; HRMS (AUTO-CI, 70 eV): m/z : calcd for C20H28NO5:
362.1967, found: 362.1951; elemental analysis calcd (%) for C20H27NO5


(361.4): C 66.46, H 7.53, N 3.88, found: C 67.08, H 7.79, N 3.70.
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Introduction


Since the discovery of fullerenes by Sir H. W. Kroto, R. F.
Curl, and the late R. E. Smalley in 1985,[1] and the closely
related carbon nanotubes by Iijima in 1991,[2] other new
forms of carbon allotropes, namely, endohedral and higher
fullerenes, nanohorns, nanoonions, and graphenes have been
reported.[3] Much effort is currently dedicated to under-
standing the chemical reactivity of these fascinating three-


dimensional all-carbon nanostructures in order to prepare
soluble and easy-to-handle materials in the search for new
properties for practical applications.[4] However, despite the
interest in new carbon allotropes, the chemistry of fullerenes
has not settled down and the synthesis of intriguing new
structures with unexpected properties is still possible on the
fullerene sphere.[5] In fact, the convex surface of fullerenes
formed by the highly reactive double bonds that protrude
from the spherical surface is a unique location for testing a
wide variety of challenging new reactions. Moreover, the re-
activity of fullerenes is an excellent benchmark for under-
standing the chemical behaviour of the above-mentioned
less-accessible and still scarcely known new nanoforms of
carbon.


During recent years, we have studied new reactions on
the fullerene sphere, by using 1,6-fullerenynes as a versatile
building block, such as the well-known [2+2+1] Pauson–
Khand reaction,[6] which despite its usefulness for the crea-
tion of carbocyclic rings has been almost neglected in mate-
rials science; the thermally induced [2+2] cyclization, which
forms unprecedented cyclobutene-fused carbocycles without
involving the presence of any catalyst[7] and the thermal in-
tramolecular ene reaction which leads to new and less-
known fullerenes decorated with the allene functionality.[8]


Abstract: In contrast to N-methyl or
N-unsubstituted pyrrolidinofullerenes,
which efficiently undergo the retrocy-
cloaddition reaction to quantitatively
afford pristine fullerene, N-benzoyl de-
rivatives do not give this reaction
under the same experimental condi-
tions. To unravel the mechanism of the
retrocycloaddition process, trapping ex-
periments of the in-situ thermally gen-
erated azomethine ylides, with an effi-
cient dipolarophile were conducted.
These experiments afforded the respec-
tive cycloadducts as an endo/exo iso-


meric mixture. Theoretical calculations
carried out at the DFT level and by
using the two-layered ONIOM (our
own n-layered integrated molecular or-
bital and molecular mechanics) ap-
proach underpin the experimental find-
ings and predict that the presence of
the dienophile is not a basic require-


ment for the azomethine ylide to be
able to leave the fullerene surface
under thermal conditions. Once the
1,3-dipole is generated in the reaction
medium, it is efficiently trapped by the
dipolarophile (maleic anhydride or N-
phenylmaleimide). However, for N-un-
substituted pyrrolidinofullerenes, the
participation of the dipolarophile in as-
sisting the 1,3-dipole to leave the fuller-
ene surface throughout the whole reac-
tion pathway is also a plausible mecha-
nism that cannot be ruled out.
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Furthermore, in a preliminary communication we have re-
cently reported the highly efficient thermal retrocycloaddi-
tion reaction of the well-known pyrrolidinofullerenes (pyr-
rolidino[3,4:1,2,60]fullerenes).[9] These modified fullerenes
are among the most useful and studied fullerene derivatives
due to their easy synthetic preparation.[10] In contrast to
other fullerene derivatives, such as Diels–Alder cycload-
ducts[11] or BingelLs methanofullerenes,[12] which undergo the
corresponding retrocycloaddition reactions, pyrrolidinoful-
lerenes have been considered to be very stable cycloadducts
and, therefore, this functionalization has been chosen as a
suitable procedure for the preparation of a wide variety of
fullerene derivatives of interest in biomedicine and in mate-
rials science.[13]


In this paper, we report on new experimental and theoret-
ical studies carried out on the retro-Prato reaction to deter-
mine a plausible mechanism by which these modified ful-
lerenes afford pristine fullerenes by thermal treatment in
the presence of a large excess of an efficient dipolarophile.
Whereas trapping experiments were carried out to confirm
the presence of the azomethine ylide as an intermediate 1,3-
dipole in the retrocyclization process, theoretical calcula-
tions at the DFT level by using the two-layered ONIOM
(ONIOM=our own n-layered integrated molecular orbital
and molecular mechanics) approach were performed to un-
derpin the experimental findings.


Results and Discussion


Synthesis and trapping experiments : In a preliminary com-
munication we have shown that the retrocycloaddition of N-
methylpyrrolidinofullerenes (N-methyl pyrroli-
dino[3,4:1,2,60]fullerenes) occurs quantitatively by simply
heating the starting materials at reflux in o-dicholoroben-
zene (o-DCB) for 24 h in the presence of an excess
(30 equiv) of a good dipolarophile, such as maleic anhydride
or N-phenylphthalimide. This is a very general procedure
with a broad scope of applicability.[9] In fact, the initial
brown solution of the N-methylpyrrolidinofullerenes turns
the magenta color typical of pristine [60]fullerene solutions
after the retrocyclization process. Furthermore, the reaction
has also been shown to be highly efficient with N-methylpyr-
rolidino[3,4:1,2,70]fullerenes and, even more important, it
allows the transformation of the undesired bis- and tris-cy-
cloadducts—formed as byproducts in the synthesis of pyrro-
lidinofullerenes—into the respective monoadducts, thus im-
proving significantly the yields of the Prato monoadducts.


In a general sense, the formation of N-methylpyrrolidino-
fullerenes and their subsequent quantitative thermal retro-
cyclization results in a new protection–deprotection protocol
that has already been successfully used in the separation of
the two constitutional isomers (Ih and D5h) of trimetallic ni-
tride endohedral metallofullerene Sc3N@C80.


[9] We have also
reported the efficient removal of pyrrolidine rings from ful-
lerenes by controlled-potential electrochemical oxidation, to
efficiently afford pristine fullerene.[14] To unravel the mecha-


nism of this novel and versatile retrocycloaddition reaction,
we have carried out new reactions on pyrrolidinofullerenes,
in which the methyl (alkyl) group on the nitrogen atom has
been substituted by a hydrogen atom (free pyrrolidine) or
by a benzoyl group to determine the scope of the reaction.
To this end, we have also carried out trapping experiments
of the expected azomethine ylide, generated in situ as an in-
termediate 1,3-dipole, by means of the excess of dipolaro-
phile (N-phenylmaleimide) present in the reaction medium
(Scheme 1).


Thus, new pyrrolidinofullerenes (1a–d) were prepared by
following the standard protocol from glycine and the respec-
tive reagents by following PratoLs procedure (see the Exper-
imental Section in the Supporting Information). Compound
1b was prepared from 1a by treatment with benzoyl chlo-
ride, which allowed the N-benzoylation of the pyrrolidine
nitrogen atom. The thermal retrocycloaddition experiments
carried out with compounds 1a–d are shown in Table 1.


Scheme 1. Thermal retrocyclization of pyrrolidinofullerenes 1a–d.


Table 1. Experimental conditions used in the retrocycloaddition reaction.


Entry Compound Dipolarophile
(30 equiv)


Catalyst Solvent t
[h]


Yield
[%]


1 1a – – o-DCB 24 90.0
2 1a maleic


anhydride
– o-DCB 24 95.0


3 1a maleic
anhydride


CuTf2
[a] o-DCB 24 99.0


4 1a N-phenyl
maleidimide


CuTf2
[a] o-DCB 24 99.0


5 1b – – o-DCB 24 0.0
6 1b maleic


anhydride
– o-DCB 24 0.0


7 1b maleic
anhydride


CuTf2
[a] o-DCB 24 27.3


8 1c maleic
anhydride


– toluene 18 quant.


9 1c maleic
anhydride


CuTf2
[a] toluene 18 quant.


10 1d maleic
anhydride


– toluene 18 quant.


11 1d maleic
anhydride


CuTf2
[a] toluene 18 quant.


[a] Copper(II) triflate (1 equiv).
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A first and significant observation to unravel the mecha-
nism of the retrocyloaddition process in pyrrolidinoful-
lerenes is that compound 1a can undergo the thermal retro-
cyclization in the absence of the dipolarophile to afford C60


in 90% yield (entry 1). The presence of the dipolarophile in-
creases the efficiency of the process (95%, entry 2), and the
addition of copper triflate as a catalyst results in the forma-
tion of [60]fullerene in a quantitative yield.


Interestingly, whereas compounds 1a,c,d efficiently under-
go the retrocyclization process to quantitatively form pris-
tine [60]fullerene (entries 1–4, 8–11), N-benzoyl derivative
1b did not to any extent afford pristine C60 (entries 5,6).
This behaviour is in contrast to that previously observed for
N-methylpyrrolidinofullerenes which quantitatively lead to
[60]fullerene,[9] and confirms the importance of the nitrogen
lone pair in the retrocycloaddition process. Compound 1b
affords C60 in the presence of a copper catalyst (Entry 7), al-
though in a very poor yield; this could be accounted for by
previous decomposition of the N-benzoyl derivative. Be-
cause the benzoylation of the pyrrolidine ring is a reversible
process, we can take advantage of this discovery and use it
to selectively preserve a benzoylated pyrrolidine in the pres-
ence of other unsubstituted or N-methyl substituted pyrroli-
dine rings under the conditions used for the retrocycloaddi-
tion process.


The presence of an aryl substituent on C-5 of the pyrroli-
dine ring with an ester group on C-2 results in an easier ret-
rocyclization process that now takes place in refluxing tolu-
ene over a shorter period of time (entries 8–11). These re-
sults clearly indicate that the simultaneous presence of sub-
stituents, such as ester and aryl groups, which stabilize the
in-situ-generated azomethine ylide, favor the retrocycloaddi-
tion process, which now occurs easily under the standard ex-
perimental conditions and, therefore, no additional catalyst
is needed.


To prove that the azomethine ylide is formed as an inter-
mediate in the retrocycloaddition process, we carried out
trapping experiments by using N-phenylmaleimide (NPM)—
instead of the less stable maleic anhydride—as the dipolaro-
phile, under the same experimental conditions. Thus, com-
pound 2 was refluxed in o-DCB in the presence of an excess
of NPM (10 equivalents). In addition to C60 (70%), the cy-
cloadduct (3), which resulted from 1,3-dipolar cyloaddition
of the in situ generated azomethine ylide to NPM, was ob-
tained in 19% yield as a 66:33 endo/exo mixture
(Scheme 2). The structure of compound 3 was determined


by spectroscopic techniques and confirmed by an alternative
synthesis from the in-situ-generated azomethine ylide and
NPM as previously reported in the literature.[15]


The above trapping experiment clearly confirms that the
reaction mechanism of the retrocycloaddition process occurs
by thermal removal of the azomethine ylide as a 1,3-dipole,
which is generated in situ under the experimental conditions
used and the stability of which is highly dependent on the
nature of the substituents. Whether the dipolarophile
(NPM) is involved in the mechanism by assisting the 1,3-
dipole to leave in a concerted way or whether it acts in a
further step is an open question that we have addressed by
means of theoretical calculations (see below).


Theoretical calculations : As discussed above, under thermal
treatment and in the presence of an excess of a dipolaro-
phile, such as maleic anhydride or NPM, pyrroli-
dino[3,4:1,2,60]fullerenes can efficiently revert to [60]ful-
lerenes and azomethine ylides. This reaction is favored by
the presence of substituents that stabilize the leaving 1,3-
dipole. The effect of the substituent and the dipolarophile
may be thermodynamic in the sense that they help to stabi-
lize the final separated products and/or kinetic if the energy
barrier that needs to be surmounted is reduced. To analyze
whether the effects of the substituent and the dipolarophile
in the retro-Prato reaction are thermodynamic and/or kinet-
ic in nature, we have carried out a theoretical analysis of the
reaction mechanisms depicted in Schemes 3 and 4 for com-
pounds 4a (R1=H) and 4b (R1=COOCH3). We have locat-
ed every intermediate (int) and transition state (TS) in-
volved in the four reactions studied (optimized xyz coordi-
nates of all species are given as Supporting Information).


Retrocycloaddition without a dipolarophile : Our analysis
starts with retrocycloaddition in the absence of any dipolar-
ophile for the unsubstituted case. Theoretical studies of the
1,3-dipolar cycloadditions of different 1,3-dipoles (alkyl
azides,[16,17] ozone,[18] and 3-phenylphthalazinium-1-olate[19])
to the [6,5]- and [6,6]-bonds of C60 have been made by sever-
al authors. In all cases, the cycloadditions that take place on
[6,6]-bonds have been found to be clearly exothermic giving
rise to stable adducts on crossing a relatively small energy
barrier, whereas those that occur on the [6,5]-bonds are less
favorable. In agreement with these previous results, we
found that the retro-1,3-dipolar cycloaddition reaction start-
ing from the [6,6]-adduct 4a was endothermic by 53.1 kcal
mol�1 and had a high energy barrier of 45.4 kcalmol�1. The
Gibbs free energy of the reaction and energy barrier are
somewhat smaller, 33.9 and 39.2 kcalmol�1 as expected from
the fact that there is an increase in the entropy along the re-
action coordinate. The structure of the TS is given in
Figure 1.[20] The dark grey atoms in Figure 1 constitute the
small system treated at a high level of theory within the
ONIOM approach for all species analyzed in this work. As
can be seen in Figure 1, the reaction occurs through a con-
certed and almost synchronic TS with a distance of about
2.71 P between the two C atoms of the C�C bonds that areScheme 2. Trapping experiment by using NPM as the dipolarophile.
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being broken. It is worth noting that in all cases we have an-
alyzed both exo and endo approaches and we report here
only the most stable TS.


Since the energy of the products (C60+6a+5) is higher
than that of the TS (see the whole energy profile in
Figure 2), a minimum structure should be found between
these two stationary points. To find such a minimum, a full
optimization starting from the transition state was done by


slightly shifting the geometry of
the transition state whilst fol-
lowing the transition vector in
the direction of the products.
Unfortunately, all attempts to
find this minimum structure
failed and the optimization pro-
cess yielded, in all cases, the
original reactant 4a. We think
that this behavior indicates the
existence of a very shallow min-
imum very close to the TS. This
is in agreement with the fact
that the region around the TS is
extremely flat. Indeed, the
imaginary frequency corre-
sponding to the transition
vector is only 33.8i cm�1, which
is also in accordance with the
fact that any optimization we
have carried out by starting
from any structure close to the
final products (for instance by
starting from C�C bond distan-
ces of 4 P) reverts to the initial
reactant. The height for the ac-
tivation barrier together with
the endothermic nature of the
process prevents the retrocy-
cloaddition from occurring, as
found experimentally.[9]


The second reaction mecha-
nism that we have analyzed is
the retrocycloaddition for the
substituted species 4b (R1=


COOCH3, Scheme 3) to exam-
ine the effect of the substituent
in the retro-Prato cycloaddition
without a dipolarophile (4b!
C60+6b). As can be seen from
the values in Figure 3, the sub-
stituent favors the retrocycload-
dition by reducing the energy
barrier by about 10 kcalmol�1


and the reaction energy by
about 15 kcalmol�1. The reduc-
tion in the Gibbs free energies
when going from an unsubsti-
tuted to a substituted reactant


is somewhat lower (about 2 kcalmol�1). The origin of the
stabilization (10–15 kcalmol�1 along the reaction coordi-
nate) has to be attributed to the electron-withdrawing char-
acter from both inductive and resonance effects of the
COOCH3 substituent


[21] that stabilizes the azomethine ylide
formed. This effect is especially important at the end of the
reaction, and for this reason the reaction energy is lowered
more than the energy barrier. To illustrate this fact in more


Scheme 3. Schematic representation of the different stationary points found along the pathway of the retrocy-
cloaddition reaction assisted by the dipolarophile only at the last stage of the reaction.


Scheme 4. Schematic representation of the different stationary points found along the pathway of the retrocy-
cloaddition reaction assisted by maleic anhydride.
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detail, we have computed the energy barriers for two more
substituents: R1=OH and R1=CN. For the former, the re-
action energy increases by 5.1 kcalmol�1 relative to the un-
substituted case (53.1 kcalmol�1). This is in agreement with
OH being an electron-donating substituent.[21] On the other
hand, for R1=CN, another electron-withdrawing substitu-
ent,[21] the reaction energy decreases by 15.3 kcalmol�1, not
far from the 14.4 kcalmol�1 reduction observed for R1=


COOCH3. Thus, there is a clear electronic effect of the pyr-
rolidine substituent: electron-withdrawing substituents favor


the retro-Prato cycloaddition by stabilizing the negative
charge on the carbon atom of the azomethine ylide.


The energy profile for this process (4b!C60+6b) is given
in Figure 3, whereas Figure 4 depicts the molecular structure
of the TS for this reaction. The imaginary frequency of this
TS is 244.5i cm�1. Not surprisingly, the asymmetry of the TS
increases for the substituted species, with C�C bond lengths
between the bonds being broken of 2.24 and 2.72 P. As ex-


Figure 2. ONIOM2(UB3LYP/6-31G(d):SVWN/STO-3G) reaction energy
profile (Gibbs free energies in square brackets) for the retrocycloaddition
reaction of the unsubstituted system without a dipolarophile, except for
the last step of the reaction.


Figure 3. ONIOM2(UB3LYP/6-31G(d):SVWN/STO-3G) reaction energy
profile (Gibbs free energies in square brackets) for the retrocycloaddition
reaction of the substituted system (R1=COOCH3) without a dipolaro-
phile, except for the last step of the reaction.


Figure 1. Optimized structure (ONIOM2(UB3LYP/6-31G(d):SVWN/
STO-3G)) for TS1a with the most relevant bond lengths [P] and angles
[8]. H atoms and dark-grey atoms constitute the small system treated at a
high level in the ONIOM approach.


Figure 4. Optimized structure (ONIOM2(UB3LYP/6-31G(d):SVWN/
STO-3G)) for TS1b with the most relevant bond lengths [P] and angles
[8]. H atoms and dark-grey atoms constitute the small system treated at a
high level in the ONIOM approach.
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pected from the steric hindrance, the largest C�C bond
length occurs between the substituted C atom and the corre-
sponding C atom of C60. In this case, the intermediate
formed by the interaction between the 1,3-dipole and the
C60 cage is more stable because the dipole moment of the
substituted azomethine ylide (4.660 D) is significantly larger
than that of the unsubstituted 1,3-dipole (1.660 D). Despite
the overall stabilization of the TS and the products, the re-
action 4b!C60+6b is still quite endothermic and does not
take place as found experimentally.[9] The energy profile
clearly indicates that the equilibrium between reactants 4b
and products C60+6b is totally displaced to the reactants
side and possible products formed after severe heating will
revert to reactants.


Retro-Prato cycloaddition assisted by maleic anhydride :
Scheme 4 depicts the reaction mechanism studied in this sec-
tion. Figure 5 contains the relative energies and Gibbs free


energies of the TSs and products of the retrocycloaddition
assisted by maleic anhydride. For the unsubstituted system
(R1=H), the energy barrier decreases by about 5 kcalmol�1


in the retrocycloaddition assisted by maleic anhydride. How-
ever, since entropy decreases when going from 4a+5 to
TS3a, the Gibbs free energy barrier at 298 K increases by
about the same quantity. Therefore, the presence of maleic
anhydride does not improve the efficiency of the retrocy-
cloaddition by reducing the barrier. Rather, the effect we
find in this case is almost purely thermodynamic: the reac-
tion now becomes exothermic by about 16 kcalmol�1 be-
cause of the increased stability of the final products. The
energy profile depicted in Figure 5 clearly indicates that the
equilibrium between reactants and products is now dis-
placed to the products side and once the products are


formed after heating they do not revert to reactants.
Figure 6 shows that the TS structure for the endo approach
of the retrocycloaddition assisted by maleic anhydride is


slightly asymmetric. The totally symmetric TS that we have
found is about 0.28 kcalmol�1 higher in energy than the
slightly asymmetric TS.[20b] Moreover, the endo approach be-
tween the maleic anhydride and the ylide has been found to
have a lower energy barrier, with a TS that is about
2.5 kcalmol�1 more stable than the exo TS. It is interesting
to see how maleic anhydride provides assistance in this TS.
The bond lengths between the C�C bonds connecting C60


and the azomethine ylide in the reactants are shorter than
the new C�C bonds that are being formed between maleic
anhydride and the azomethine ylide and, therefore, this TS
has reactant-like character. The imaginary frequency of this
TS is 179.2i cm�1.


There is still another possible mechanism that can be op-
erative for the retrocycloaddition assisted by maleic anhy-
dride. In this case, the reaction would proceed from 4a to
C60+6a and after that 6a would react with maleic anhydride
(5) to give the final nitrile oxide product 7a (see Figure 2).
Thus, in this case, the assistance of maleic anhydride does
not occur along the whole reaction path, but only at the end
of the reaction, just to stabilize the azomethine ylide
formed. All attempts to find the TS of the reaction 6a+5!
7a have been unfruitful. Indeed, any optimization we have
carried out by starting from any structure close to the final
products (for instance by starting from C�C bond lengths of


Figure 5. ONIOM2(UB3LYP/6-31G(d):SVWN/STO-3G) reaction energy
profile (Gibbs free energies in square brackets) for the retrocycloaddition
reaction assisted by maleic anhydride of the unsubstituted system.


Figure 6. Optimized structure (ONIOM2(UB3LYP/6-31G(d):SVWN/
STO-3G)) for TS3a with the most relevant bond lengths [P] and angles
[8]. H atoms and dark-grey atoms constitute the small system treated at
high level in the ONIOM approach.
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4 P) reverts to the final product 7a. This indicates that the
6a+5!7a conversion is an almost barrierless process, and
that, in the presence of a dipolarophile, once 6a is formed it
is immediately transformed into 7a. The whole energy barri-
er for 4a+5!C60+7a indicates that the process is assisted
by the dipolarophile only at the end of the reaction
(Figure 2) and is somewhat higher in energy than that of the
retrocycloaddition assisted by maleic anhydride throughout
the whole reaction (Figure 5). However, the free-energy
profile for the latter is entropically unfavorable and, as a
consequence, the free-energy profile at 298 K favors the
mechanism in which the assistance of maleic anhydride does
not occur along the whole reaction path, but only at the end
of the reaction. Given the accuracy and reliability of the
method employed for the calculation, we consider that it is
not possible to rule out either of these two mechanisms for
the retrocycloaddition assisted by maleic anhydride for the
unsubstituted system (R1=H), and that both mechanisms
can be operative under intense heating of pyrroli-
dino[3,4:1,2,60]fullerenes in the presence of maleic anhy-
dride.


We have also analyzed the retrocycloaddition assisted by
maleic anhydride for the substituted system (R1=


COOCH3). The energy profile with the relative energies and
Gibbs free energies obtained for the process assisted by
maleic anhydride along the reaction coordinate is given in
Figure 7. The first TS has a lower energy barrier than the


equivalent TS for the unassisted reaction, although the
Gibbs free energy barriers are similar. The structure of this
TS, which has an imaginary frequency of 16.8i cm�1, is


shown in Figure 8. This TS together with intermediates
int3b and int4b reside on a relatively flat plateau. The pres-
ence of these intermediates, which were not found for the


unsubstituted case, is favored by the higher dipole moment
of the substituted azomethine ylide. In these intermediates,
the C�C bonds that are being broken are not completely
separated nor are the new C�C bonds totally formed. We
have performed a linear transit of five steps from int3b to
int4b by increasing/decreasing the four C�C bonds that are
being broken or formed. The process has been carried out
by using different uniform steps for each of the four coordi-
nates. The coordinate value Rilinear transit at each step is given
in Equation (1) as:


Rilinear transit ¼ Rint3b þ i
ðRint4b�Rint3bÞ


6
ð1Þ


in which, i=1 to 5 and Rint3b is the coordinate value for
int3b and Rint4b is the coordinate value for int4b. The re-
maining geometrical parameters are then reoptimized. As a
result we have obtained a linear transit with a continuous in-
crease of energy from int3b to int4b as depicted in Figure 6.
Therefore, we have not obtained an energy maximum from
which to initiate the search for the TS that must exist be-
tween intermediates int3b and int4b. However, with this
linear transit we have proven that this TS is probably quite
close both in energy and structurally to int4b. The last TS


Figure 7. ONIOM2(UB3LYP/6-31G(d):SVWN/STO-3G) reaction energy
profile (Gibbs free energies in square brackets) for the retrocycloaddition
reaction assisted by maleic anhydride of the substituted system (R1=


COOCH3).


Figure 8. Optimized structure (ONIOM2(UB3LYP/6-31G(d):SVWN/
STO-3G)) for TS3b with the most relevant bond lengths [P] and angles
[8]. H atoms ant dark-grey atoms constitute the small system treated at
high level in the ONIOM approach.
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corresponds to the formation and separation of the final ni-
trile oxide and pristine fullerene (TS5b). As compared to
reactants, the energy of this TS is as high as 46.9 kcalmol�1


(Gibbs free energy of 51.7 kcalmol�1) and, consequently,
overall the mechanism of retrocycloaddition assisted by
maleic anhydride for the substituted system along the reac-
tion coordinate cannot compete with the mechanism of ret-
rocycloaddition assisted by maleic anhydride only at the end
of the reaction, that is, the reaction proceeds from 4b to
C60+6b and after that 6b reacts with maleic anhydride (5)
to give the final product 7b. The latter process has an over-
all energy barrier of only 32.9 kcalmol�1 (the free-energy
value is 28.8 kcalmol�1) as seen in Figure 3.


Finally, we have computed the thermodynamics of the ret-
roreaction for the N-benzoyl pyrrolidinofullerenes with R=


COPh, R1=COOMe and R2=H (Scheme 1). The energy
needed to release the 1,3-dipole without the presence of di-
polarophile in this system is 40.36 kcalmol�1, that is,
1.6 kcalmol�1 higher than that found for 4b. This result indi-
cates that the benzoyl substituent destabilizes the azome-
thine ylide generated, thus impeding the reaction.


Conclusion


In summary, we have carried out new reactions on pyrrolidi-
nofullerines with different substitution patterns on the C-2
and C-5 atoms of the pyrrolidine ring, which have a strong
impact on the stability of the resulting azomethine ylides
generated in the retrocycloaddition process. The nature of
the substituent on the pyrrolidine nitrogen atom also has a
great impact on the retrocyclization process. Thus, whereas
methyl (or alkyl) and N�H groups undergo the retrocy-
cloaddition quantitatively, the presence of a benzoyl group
prevents or hinders this process.


In agreement with the experimental findings, theoretical
calculations carried out at the DFT level and by using the
two-layered ONIOM approach predict that the presence of
the dienophile is not required for removal of the azome-
thine ylide from the fullerene surface which, after in-situ
generation under thermal conditions, is trapped by the dipo-
larophile (maleic anhydride or N-phenylmaleimide). How-
ever, for the N-unsubstituted pyrrolidinofullerenes, it is pos-
sible that the dipolarophile can assist the 1,3-dipole to leave
and, therefore, this alternative mechanism cannot be totally
ruled out.


The results now reported on the scope and trapping ex-
periments of the retrocycloaddition process of pyrrolidino-
fullerenes have allowed us to unravel the mechanism of this
reaction, which has already been successfully used as a new
and efficient protection–deprotection protocol in fullerene
science, paves the way for further application of this reac-
tion in the construction of new and fascinating fullerene-
based carbon nanostructures.


Experimental Section


Computational details : Full geometry optimizations have been carried
out with the two-layered ONIOM approach[22] by using the Gaussian 03
program.[23] The DFT Xa exchange (a =2/3) functional[24a] in conjunction
with the electron gas correlation functional (in Vosko–Wilk–Nusair para-
metrization)[24b] , that is, the so-called SVWN method together with the
standard STO-3G basis set[25] was used for the low level calculations and
the hybrid density functional B3LYP method[26] with the standard 6-
31G(d) basis set[27] was employed for the high level system. All systems
were treated with the spin-restricted formalism. The choice of DFT
methods was based on previous studies, which showed that DFT (and, in
particular, the relatively inexpensive B3LYP method combined with the
6-31G(d) or similar basis set) provides a reliable description of reaction
mechanisms of pericyclic reactions.[16,28] All stationary points found have
been characterized as either minima or TSs by computing the vibrational
harmonic frequencies; TSs have a single imaginary frequency with the
corresponding eigenvector (transition vector) related to the approach of
the two reaction centers, whereas minima have all real frequencies.


Gibbs-free-energy differences at 298.15 K and 1 atm. (DG298) were calcu-
lated from electronic energies (DE) according to Equations 2 and 3, as-
suming an ideal gas:[29]


DG298 ¼ DH298�TDS298 ð2Þ


with T=298.15 K and


DH298 ¼ DEþ DE0
vibþ DE298


transþ D E298
rot þ DðDE0


vibÞ298 þ DðpVÞ ð3Þ


in which, DE298
trans, D E298


rot, and DE0
vib are the differences between products


and reactants in translational, rotational and zero-point vibrational
energy, respectively; D(DE0


vib)298 is the change in the vibrational energy
difference as one goes from 0 to 298.15 K. The molar work term D(pV) is
(Dn)RT (e.g., for two fragments combining to give one molecule Dn=


�1).
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Oxoanion Binding by Guanidiniocarbonylpyrrole Cations in Water:
A Combined DFT and MD Investigation


Davide Moiani,[a] Carlo Cavallotti,*[a] Antonino Famulari,[a] and Carsten Schmuck*[b]


Introduction


The design and development of artificial hosts that will se-
lectively bind a given target under physiological condi-
tions—that is, in water—still remains challenging despite the
progress that has been achieved in recent years. In general,
multiple weak binding interactions such as hydrogen bonds
(H bonds), electrostatic, and hydrophobic interactions have
to be combined within a single recognition motif to allow


substrate complexation even in a protic environment (“Gul-
liver effect”).[1] However, it is not possible to determine the
individual contributions of the various interactions for sub-
strate binding experimentally, as only the overall affinity can
be determined. One possible means to learn more about the
contributions of the individual binding interactions, at least
in a semiquantitative way, is to compare systematically vary-
ing series of closely related binding motifs.[2,3] We have used
this approach to study knock-out analogues of a self-com-
plementary zwitterion, showing strong dimerization interac-
tions even in water, both experimentally[4] and theoretical-
ly.[5] Such studies help us to acquire better understanding of
the underlying molecular recognition process, also with re-
spect to being able to improve the binding motifs further.


The synthesis of complexes involving guanidinium-func-
tionalized hosts and the study of their properties have been
the subject of several investigations in recent years.[6] In the
past, however, most artificial model studies were restricted
to organic solvents. In fact, simple ion pairs between guani-
dinium cations and oxoanions are normally stable only in
solvents of low polarity. In aqueous solutions, for example,
the competing solvation of both donor and acceptor sites by


Abstract: Structures and properties of
nonbonding interactions involving gua-
nidinium-functionalized hosts and car-
boxylate substrates were investigated
by a combination of ab initio and mo-
lecular dynamics approaches. The sys-
tems under study are on one hand in-
tended to be a model of the arginine–
anion bond, so often observed in pro-
teins and nucleic acids, and on the
other to provide an opportunity to in-
vestigate the influence of molecular
structure on the formation of supra-
molecular complexes in detail. Use of
DFT calculations, including extended
basis sets and implicit water treatment,
allowed us to determine minimum-


energy structures and binding enthal-
pies that compared well with experi-
mental data. Intermolecular forces
were found to be mostly due to electro-
static interactions through three hydro-
gen bonds, one of which is bifurcate,
and are sufficiently strong to induce a
conformational change in the ligand
consisting of a rotation of about 1808
around the guanidiniocarbonylpyrrole
axis. Free binding energies of the com-


plexes were evaluated through MD
simulations performed in the presence
of explicit water molecules by use of
the molecular mechanics Poisson–
Boltzmann solvent accessible surface
area (MM-PBSA) and linear interac-
tion energy (LIE) approaches. LIE en-
ergies were in quantitative agreement
with experimental data. A detailed
analysis of the MD simulations re-
vealed that the complexes cannot be
described in terms of a single binding
structure, but that they are character-
ized by a significant internal mobility
responsible for several low-energy
metastable structures.
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individual solvent molecules significantly decreases ion pair
stability. For nature this normally does not pose any prob-
lems, because of the rather hydrophobic interiors of the pro-
teins where such dedicated pairing usually occurs or because
of clustering of several such small interactions. For chemical
receptors, however, the weakness of simple ion pairs in
polar solvents represents a severe limitation both in terms
of the interpretation of the results obtained from such in the
study of model systems and, even more importantly, with
regard to any dealing with potential application, which nec-
essarily has to take place under physiological conditions.[1]


In 2000, one of us reported that guanidiniocarbonylpyr-
role cations can be used to bind N-acetyl amino acid carbox-
ylates even in aqueous solvents.[7] Since then, guanidiniocar-
bonylpyrroles have emerged as one of the most efficient
hosts for oxoanions.[8] A comparative experimental thermo-
dynamic study of a series of six related hosts suggested that
the affinity is mainly due to formation of a directed ion pair
between the carboxylate and the guanidiniocarbonylpyrrole
cation. However, complex affinity is then significantly in-
creased by further additional H-bond donors such as the
pyrrole NH or an amide NH. The combination of all these
interactions increases the affinity by more than a factor of
30 relative to that of a simple guanidinium cation. It has not
yet been possible to determine the structures of these com-
plexes unambiguously by experiment. The structural analysis
was therefore based on NMR results obtained with a more
simple substrate—acetate—and on molecular mechanics
(MM) calculations. We now report here a state-of-the-art
theoretical study using a combined density functional theory
(DFT) and molecular dynamics (MD) approach with explic-
it solvation treatment to analyze complex formation be-
tween these hosts and N-acetyl alanine carboxylate as the
substrate (Figure 1). We evaluated different theoretical ap-
proaches, based on ab initio and molecular dynamics com-
putational methodologies, for the determination of free
binding energies of the supramolecular complexes in aque-
ous solvents. The results obtained from the calculations are
not only in excellent agreement with the experimentally de-
termined stabilities of the complexes, but also provide de-
tailed information on the structures of the complexes, which


as it turned out are different from those initially anticipated
on the basis of the earlier molecular modeling studies. Fur-
thermore, MD simulations allowed us to explain the ob-
served differences in stability between two closely related
hosts: the glycine and the valine derivative 13 and 14, re-
spectively. Even though the structures of the complexes and
hence the number of binding interactions are similar, the
valine derivative is the better host because of its capability
to form multiple metastable structures with the substrate,
due to the difference of its side chain mobility from that of
the glycine derivative.


Method and theoretical background


The theoretical investigation of the interactions of guanidi-
niocarbonylpyrrole hosts with carboxylate substrates is par-
ticularly challenging because of the high conformational mo-
bility of the molecules involved, which is often a problem in
van der Waals complexes, and because of difficulties in the
accurate determination of binding energies and entropies.
To address the problem suitably, different computational ap-
proaches were adopted, so that binding energies, minimum
energy structures, and atomic charges were determined by
density functional calculations, while free binding energies
and the time-dependent conformational evolution of the
complexes were studied by molecular dynamics simulations.


Starting structures of isolated molecules and complexes
were obtained with the aid of two commercial codes distrib-
uted by Schrçdinger, LigPrep, and Glide,[9] which exploit
minimum-energy search algorithms and docking protocols
to determine molecular structures including solvent effect
treatments. The most stable geometries were used in further
calculations. Though the structures predicted by Glide and
LigPrep have proved in many cases to match experimental
data, their reliability rests on the accuracy of the MM force
field employed. As the torsion and angular parameters per-
taining to carbonyl and amino groupsM interactions with pyr-
role moieties are not well known, guess structures were
tested by high-level calculations by density functional
theory. DFT calculations were accomplished by use of the
Becke 3 parameters[10] and the Lee—Yang–Parr[11] function-
als for exchange and correlation energies as implemented in
the Gaussian03 suite of programs.[12] In order to achieve the
best compromise between accuracy and computational effi-
ciency, two basis sets were adopted.


A first refinement of the structures determined with the
Schrçdinger MM force fields was performed in the gas-
phase approximation at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) level.[13]


Minima were checked by frequency calculations, and zero-
point energy corrections were determined in the harmonic
approximation. Gas-phase optimized structures were succes-
sively employed as starting points for geometry optimization
in solution in water, which was the solvent used for most of
the experiments. Water was modeled with the integral equa-
tion formalism polarizable continuum model (IEF-PCM) at
a temperature of 300 K.[14] Energies were refined by single-
point energy calculations with adoption of the augmented


Figure 1. Structures of the substrate, N-acetyl alanine carboxylate A, and
the cationic guanidiniocarbonylpyrrole hosts 9–14 under study (the num-
bering of the hosts was taken from the original experimental work
[ref. [7]]).
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correlation-consistent aug-cc-pVDZ basis set,[15] with water
effects being taken into account by use of the IEF-PCM im-
plicit solvation model. It is worth pointing out here that, al-
though DFT calculations are not able to determine all the
nonbonding energy terms, such as hydrophobic contribu-
tions, correctly, these effects are indirectly reintroduced
through the implicit solvation method adopted (vide
infra).[16]


Despite the high accuracies of the structures determined
by DFT calculations, several minimum structures with simi-
lar stabilization energies can coexist on the intermolecular
potential energy hypersurface of the complex when the in-
teraction between molecules is not particularly strong. If
energy barriers connecting minima are not too high, several
conformations can be visited periodically as the temperature
increases, so that the system oscillates between different
structures. In order to test whether this might be the case
for the system under investigation, we performed molecular
dynamics simulations explicitly accounting for water effects.
All MD simulations were accomplished by use of the ff03
force field[17] as implemented in the Amber simulation pack-
age.[18] For each compound, atomic-type assignments, con-
nectivities, and interatomic distances and angles were col-
lected in a library and assigned on the basis of similarity
with atomic types defined in the ff03 force field. Much care
was devoted to the assignment of the atomic charges, which
were determined for each molecule by the same approach
as adopted in the ff03 development. Electrostatic potentials
(ESPs) were calculated at the B3LYP/6-31g(d) level, and
charges were fitted by use of the RESP formalism.[19] ESP
values were determined on a grid of 1 point per P2 at 1.4,
1.6, 1.8, and 2.0 times the van der Waals radii and were then
fitted to atomic charges through a two-step procedure. In
the first step, a charge of +1 was assigned to the guanidini-
um cation, while the charge of the carboxylate was held
fixed at �1, while in the second step, the charge equivalence
for chemically equivalent atoms and the same charge as in
step 1 were imposed.


Complexes and isolated compounds were solvated by use
of explicit TIP3P water molecules[20] with addition of a cubic
solvent box with a lateral size of 20 P. A dielectric constant
of 1 was used for all simulations, and the non-bonded cutoff
was set to 15 P. All simulations were performed with use of
periodic boundary conditions, according to which the system
is partitioned into unit cells of equal size. Long-range elec-
trostatic interactions were evaluated by the particle mesh
Ewald method, so that a particle within a unit cell interacts
with molecules in the same cell as well as with periodic
images in neighboring cells. The advantages and disadvan-
tages of Ewald boundary conditions have recently been dis-
cussed by Hunenberger and Cammon.[21] The computational
protocol adopted in MD simulations was as follows. Firstly,
a 2000-cycle minimization, in which the compounds were re-
strained with a harmonic potential k(Dx)2 (where Dx is the
displacement and k is the force constant, held fixed at
500 kcalmol�1P�2) was performed to remove the initial un-
favorable close contacts arising from randomly placed sol-


vent molecules. This was followed by a second 3500-cycle
minimization step without restraints. The temperature was
then raised from 0 to 300 K by a simulated annealing of
20 ps at constant volume. To avoid wild fluctuations a weak
restraint was imposed on the solute at this stage (k=10 kcal
mol�1P�2). In order to permit the water density to relax,
after the heating of the system a 100 ps run was performed
at constant pressure. Finally, molecular dynamics simula-
tions were performed for a standard evolution time of 1 ns.
The SHAKE algorithm was used for all covalent bonds in-
volving hydrogen atoms, which allowed use of a time step of
2.0 fs. All simulations were performed at 300 K and constant
atmospheric pressure. Electrostatic and van der Waals
solute–solvent interaction energies were calculated by use of
the Anal program of the Amber 8.0 computational suite,[18]


after re-imaging to the original cell water molecules moved
to neighbor cells. Energies were averaged on sets of 125
snapshots for MM/GBSA and MM/PBSA simulations (see
below), corresponding to a time span of 1 ns. A smaller time
span of 0.5 ns was considered for LIE evaluations, to avoid
loss of periodicity caused by diffusion of the solute outside
of the simulation box, which can be relevant for the smallest
molecules after re-imagining water molecules to the original
simulation box. The convergence of the results with the sim-
ulation time was confirmed by performing 2 ns simulations
for some complexes, which verified that the sums of the cal-
culated electrostatic and van der Waals solute–solvent inter-
action energies had converged within �1 kcalmol�1. Stan-
dard deviations of electrostatic and van der Waals energies
were about 10% of the absolute value.


Binding free energies were determined by three different
approaches often adopted in the literature: the linear inter-
action energy (LIE), the MM/GBSA (Generalized Born/
Surface Area),[22] and the MM/PBSA (Poisson–Boltzmann/
Surface Area)[23] methods. The advantages and disadvantag-
es of these computational techniques have recently been re-
viewed by Brandsdal et al.[24] Views of the optimized struc-
tures reported in the paper were produced with
Molden 4.4,[25] VMD 1.8.2,[26] and the Maestro visualization
tool of the Schrçdinger suite of programs.


Results and Discussion


The results of the calculations are presented and discussed
as follows. We first describe the computed minimum-energy
structures of receptor, ligand, and complexes under investi-
gation. We then report the corresponding DFT and MM en-
ergies. Finally, we discuss in detail the conformational evolu-
tion of two key complexes (A-13 and A-14) to provide an
explanation of the differences between measured and calcu-
lated free binding energies.


Structures


Receptors and ligand : In principle, each host can assume
several conformations, arising from the rotation about the
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pyrrole carbonyl amide bonds (Figure 2). The dipole of the
amide NH groups can either point in the same direction as
the bond dipole of pyrrole NH (“in conformation”) or in


the opposite direction (“out conformation”). The B3LYP/6-
31g ACHTUNGTRENNUNG(d,p) geometries of anion A and of guanidinium com-
pounds 9–14 (optimized structures including implicit water
molecules treatment) are outlined in Figure 3, while those


of their conformers are reported as Supporting Information.
In general, it can be observed that, because of dipole–dipole
intramolecular interactions, in conformations are energeti-
cally disfavored with respect to
the corresponding out confor-
mations. As can be observed in
Figure 2, to reduce the molecu-
lar dipole, out-out conforma-
tions possess lateral NH and
CO bond dipoles aligned and
coupled with the central pyr-
role NH group, minimizing the
total molecular dipole magni-
tude perpendicularly to its
main chain (axis X in
Figure 2). Out-in and in-in con-


formations lose this alignment so that the molecular dipole
increases in the X direction, whereas it decreases, however,
along the Y direction. The overall molecular dipole is a
combination of these two effects. Dipoles and energetic
analyses of the different isomers are summarized in Table 1.


As can be observed, more pronounced differences are ob-
served in the gas phase. All the hosts present out-in confor-
mations (guanidinium cation rotated inwards) that are less
stable (relative energies of about 3.5–4 kcalmol�1) than the
corresponding out-out conformations. A water environment
decreases the energy gap to 2–2.5 kcalmol�1. In-in confor-
mations—that is, the amide group in position 5 rotated in-
wards (see Figure 2)—are destabilized with respect to out-
out conformations by about 18 kcalmol�1 in the gas phase
(host 10) and by about 5 kcalmol�1 in water. This conforma-
tion is energetically too unstable to be of any importance
for complex formation. Therefore, the high-energy in-in
structures are also not considered any further in successive
calculations for the other hosts.


Complexes : Figure 4 shows B3LYP/6-31g ACHTUNGTRENNUNG(d,p) structures of
the complexes formed by the interaction of the substrate A
with guanidiniocarbonylpyrrole cation hosts 9–14 (see
Figure 3) including implicit water environment. Key geomet-
ric parameters as well as RESP charges of atoms involved in
H-bond formation (see Scheme 1) are reported in Table 2
and Table S1. Complete geometrical details are furnished as
Supporting Information. Table 7 (below) gives Natural
Charges calculated at the B3LYP/6-31g ACHTUNGTRENNUNG(d,p) level, while the
corresponding ESP charges and complex charge transfer are
presented in Table S2. Table S3 summarizes Mulliken
B3LYP/6-31g ACHTUNGTRENNUNG(d,p) charges.


The geometrical parameters given in Table 2 show that H-
bond 1 is the strongest interaction, because of the close con-
tact distance between O and N atoms, well within the sums
of their van der Waals radii (i.e., 3.07 P). In contrast, inter-
action distances pertaining to H-bond 4 are longer then the
sums of the van der Waals radii (see Table 2). Hydrogen
bonds 2 and 3 are bifurcated interactions. As can be ob-
served in Table 2, the H-bonds display longer interaction
distances in water than in the gas phase, with the only ex-
ception being H-bond 4, which seems to be disfavored in
the gas phase.


Figure 2. Conformations of guanidiniocarbonylpyrrole hosts.


Figure 3. B3LYP/6-31gACHTUNGTRENNUNG(d,p) structures of the receptors under investiga-
tion (implicit water environment is included).


Table 1. Relative energies of out-out and out-in conformers of the ligands calculated at the indicated level of
the theory. Energies are reported in kcalmol�1 and are relative to out-out conformations (absolute minima).
B3LYP/aug-cc-pVDZ dipole moments are also reported (gas-phase values in parentheses).


Enthalpy change out-out ! out-in Dipole moments [Debye]
Gas Water out-out out-in


6-31gACHTUNGTRENNUNG(d,p) 6-31g ACHTUNGTRENNUNG(d,p) aug-cc-pVDZ


9 unstable 2.45 2.50 10.0 (7.5) 13.2 (9.4)
10 3.27 2.00 2.26 20.9 (16.4) 17.0 (18.4)
11 3.16 1.98 2.07 25.0 (20.1) 18.3 (15.5)
12 4.44 2.17 2.43 19.6 (15.1) 16.2 (12.5)
13 3.69 2.09 2.30 20.4 (16.6) 18.7 (15.1)
14 3.71 2.30 2.35 26.1 (21.7) 23.6 (19.6)
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The optimized structures of
the complexes display out-in
conformations of the hosts,
which are not the global
minima of isolated molecules
(energies higher than the out-
out arrangements by about
2.5 kcalmol�1), but they allow
better binding interactions
with the anions. In this confor-
mation the guanidinium cation
forms a bidentate hydrogen-
bonded ion pair with the car-
boxylate group while the pyr-
role NH group forms an addi-
tional H-bond to the inner
oxygen of the carboxylate.
From host 10 onwards, the car-
bonyl CO of the additional
amide moiety accepts an H-
bond from the amide NH of
the substrate. In this respect all
complex structures are very
similar. Furthermore, hosts 11,
13, and 14 display additional
nonbonding interactions with
the alkyl side chains of the
substrate. The high-level DFT
calculations presented here
show that previous model
structures of the complexes
have to be refined. Previously


calculated MM structures contained the hosts in the even
less stable in-in host conformations, which was predicted to
allow for a further H-bond between the NH of the addition-
al amide group and the bound carboxylate.[7] Our DFT cal-
culations now show that the complexes are not made up of
energetically disfavored in-in host conformations, but rather
contain out-in arrangements. As already underlined, this is
not the most stable conformation in the isolated molecules,


but it allows additional H-
bonds with the substrate, be-
sides the ion pair formation
weakening the energy of the
complexes by about
2.5 kcalmol�1. Also, instead of
the amide NH forming a H-
bond to the anion as predicted
by the MM calculations, the
DFT calculations show that
the amide CO accepts a H-
bond through the N-acetyl
amide group of the substrate.


For host 12 an alternative
complex structures was also
calculated. If the ester group
in the complex A-12 in the in-


Figure 4. B3LYP/6-31gACHTUNGTRENNUNG(d,p) structures of complexes under investigation; implicit water treatment is included.


Scheme 1. Numbering of atoms involved in hydrogen bond interactions.


Table 2. Hydrogen bond lengths and O�N distances[a] in the complexes under investigation. The structures
were optimized in the gas phase and in water solution at the B3LYP/6-31g ACHTUNGTRENNUNG(d,p) level.


Distance [P] 1 2 3 4
Gas Water Gas Water Gas Water Gas Water


A-9 NH···OC 1.55 1.69 1.65 1.66 1.80 1.78 – –
N�OC 2.62 2.74 2.71 2.71 2.77 2.75 – –


A-10 NH···OC 1.49 1.69 1.57 1.66 1.77 1.78 2.20 2.08
N�OC 2.59 2.74 2.64 2.71 2.73 2.75 3.17 3.06


A-11 NH···OC 1.50 1.72 1.57 1.63 1.77 1.77 2.20 1.97
N�OC 2.59 2.76 2.64 2.68 2.73 2.74 3.17 2.99


A-12 NH···OC 1.50 1.70 1.58 1.67 1.75 1.75 2.29 2.14
N�OC 2.59 2.74 2.65 2.72 2.72 2.73 3.25 3.12


A-13 NH···OC 1.50 1.70 1.58 1.66 1.77 1.78 2.20 2.07
N�OC 2.59 2.75 2.64 2.71 2.73 2.75 3.16 3.05


A-14 NH···OC 1.50 1.71 1.58 1.65 1.77 1.78 2.21 2.09
N�OC 2.59 2.76 2.64 2.70 2.73 2.75 3.18 3.08


[a] The sum of the van der Waals radii of N and O atoms is 3.07 P.
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out arrangement is rotated by 1808 (see Table 3), the alcohol
oxygen could form an H-bond with the NH group of the
substrate. As expected, the energy of the system is increased
about 2.5–3 kcalmol�1 because the carbonyl oxygen is a
better donor (see Table 3).


The complexes involving hosts 13 and 14 were studied in
detail by B3LYP/aug-cc-pVDZ calculations including im-
plicit water treatment. The calculated minimum-energy
structures are shown in Tables 4 and 5, together with those
of some of the most interesting stable isomers found during
minimization steps. The experiments show that the complex
containing host 14 is more stable than the corresponding
complex with host 13 (A-13) system. A possible explanation
is that the terminal NH of the amide group can form an ad-
ditional H-bond with the carboxylate moiety. Because of the
higher flexibility of the unsubstituted side arm in the case of
host 13, it was assumed that this interaction would be more
important in the valine derivative 14 rather than 13. Howev-
er, the energy minimum found by DFT calculations does
not show any interaction of the terminal amide group of the
host with the carboxylate group of the substrate, so this al-
ternative structure was found in the case of host 13 to be
higher in energy by about 4–5 kcalmol�1. For the valine de-
rivative 14, however, a similar structure possesses an even
higher energy (+8–20 kcalmol�1). The high energy differen-
ces between the conformers calculated with the 6-31g ACHTUNGTRENNUNG(d,p)
and aug-cc-pVDZ basis sets can be ascribed mostly to repul-
sive interactions between the side arms, which are better de-
scribed by the larger basis set. Hence, the DFT calculations
show that the observed difference in complex stability be-
tween 13 and 14 cannot be ascribed to the formation of an
additional H-bond by the terminal amide group as initially
proposed.[7]


The analysis of partial atomic charges reported in Ta-
bles S1–S4 shows that the formation of the bond between
the alanine anion and the guanidiniocarbonylpyrrole cation
involves a significant intermolecular charge transfer, which
is maximum for host 9. As complex A-9 was experimentally
determined to be the least stable of those examined, as is
discussed more in detail in the next section, this indicates
that the amount of charge transfer cannot be regarded as a


measure of the binding energy. Moreover, the decrease in
charge transfer between A-9 and the other complexes con-
firms, as expected, that the increase in binding energy is de-
termined by electrostatic and van der Waals interactions be-
tween the host side arms and the substrate and not by an in-
crease of the binding energy between the guanidinium and
the carboxylate groups. As already reported,[27] while ESP
and natural charges are consistent with the expected qualita-
tive behavior, Mulliken population analysis is not suitable to
describe intermolecular charge transfer adequately, not even
from a qualitative standpoint as it predicts negative charge
transfers for almost all complexes.


Energetic analysis


The structural analysis based on DFT calculations discussed
in the previous section revealed some important new in-
sights concerning anion binding by guanidiniocarbonylpyr-
role cations. However, the analysis is so far based more or
less solely on enthalpic contributions to the complex stabili-
ty. We therefore performed energetic and entropic analyses
of complex formation by the various hosts 9–14 to see how
well the relative trend of the experimentally determined
complex stabilities could be reproduced.


Table 3. Minimized structures of complex A-12 together with corre-
sponding relative energies (data reported in kcalmol�1 and referred to
the absolute minimum). Method a: 6-31g ACHTUNGTRENNUNG(d,p). Method b: aug-cc-pVDZ


Gas Water Water Gas Water Water


method a a b a a b
E 0.0 0.0 0.0 +2.92 +2.45 +2.34


Table 4. Minimized structures of complex A-13 (together with corre-
sponding relative energies (data reported in kcalmol�1 and referred to
the absolute minimum).


Gas Water Water Gas Water Water


method a a b a a b
E 0.0 0.0 0.0 +4.25 +3.86 +4.63


Table 5. Minimized structures of complex A-14, together with corre-
sponding relative energies (data reported in kcalmol�1 and referred to
the absolute minimum)


Gas Water Water Gas Water Water


Method a a b a a b
E 0.0 0.0 0.0 +8.3 +11.5 +20.4
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Method assessment : In order to test the accuracy of the
adopted computational protocol, energies of compound A9
were calculated both at the DFT level with use of three dif-
ferent basis sets and at the MP2 level with extension to com-
plete basis set[28] on the B3LYP/6-31gACHTUNGTRENNUNG(d,p) structures opti-
mized in water. Absolute energies and energy changes in so-
lution, not including electrostatic terms (cavitation, disper-
sion, and repulsion energies), are reported in Table 6.


While B3LYP/6-31g ACHTUNGTRENNUNG(d,p) calculations seem to overesti-
mate the complex stability considerably, the B3LYP/aug-cc-
pVDZ and B3LYP/aug-cc-pVTZ interaction energies are
very similar, differing only by 0.6 kcalmol�1. This indicates
that the B3LYP/aug-cc-pVDZ energies are already ap-
proaching the DFT basis set limit, and so they were used
below to estimate binding energies of larger compounds.
MP2 interaction energies were determined with basis sets of
increasing size and extended to the basis set limit (CBS) by
the procedure suggested by Truhlar.[28] Two CBS estimates
are given, the first based on a cc-pVDZ ! cc-pVTZ extrap-
olation, and the second performed with the augmented basis
sets. The HF and MP2 correlation contributions to the inter-
action energy are reported separately in Table 6, giving
clear evidence that most of the binding energy is due to
electron correlation. This is counterintuitive because, as is
shown later (section on LIE free energy evaluation), these
complexes are dominated by electrostatic interactions, while
correlation energy is usually associated with dispersion
forces. However, as correlation takes account of both inter-
molecular dispersion and intramolecular correlation interac-
tion energies, it is possible that the intramolecular term
changes significantly upon binding, thus mixing with the dis-
persion force contribution. The best DFT and MP2 esti-
mates of interaction energies differ substantially, by almost
5 kcalmol�1. Though this is at least partly a result of


B3LYPMs known underestimation of noncovalent hydrogen-
bonded complexes,[29] the MP2 interaction energies are
about 2–3 kcalmol�1 higher than those determined through
MD simulations (about 10 kcalmol�1 in view of the in-out
! out-out isomerization energy) that were used to predict
free binding energies in good agreement with experimental
data. However, the comparison between MP2 and MD inter-
action energies should be made with care, as MD data are
averaged over multiple snapshots at 300 K while the MP2
energy is calculated on minimum-energy structures at 0 K.
Thus it is reasonable that MP2 might be slightly overbinding
with respect to the calculated MD interaction energy.


A possible source of error in the QM calculations is the
use of an implicit solvation approach. It is in fact known
that the introduction of explicit water molecules is some-
times required in order to describe hydrogen bonds correct-
ly,[14d] and this likely to be the case in the system considered
here, at least as far as the carboxylate and guanidinium
groups are concerned. While on one hand it is reasonable
that part of the error due to the inaccurate description of
the interaction between charged groups and water will be
self-compensated when interaction energies are calculated
as the difference between the complex and the separated
host and guest molecules, on the other hand the presence of
some charge transfer, as discussed above (see section on
Complexes), is likely to decrease the interaction energies in
water with respect to those of the separated host and guest,
so that the error compensation can only be partial. The in-
teraction of water with complexes and individual com-
pounds has, however, been explicitly evaluated in MD simu-
lations, which are in good quantitative agreement with ex-
perimental data, as reported below (LIE free energy evalua-
tion section). MP2 interaction energies can thus be viewed
as reasonable approximations of the noncovalent bond ener-
gies, with possible overestimation of not more than 2–3 kcal
mol�1, which can be considered the maximum error of the
implicit solvation approach, while B3LYP interaction ener-
gies are underestimated by about 4 kcalmol�1.


DFT free energy evaluation : Energies and entropies both of
individual compounds and of complexes were calculated by
use of B3LYP/6-31gACHTUNGTRENNUNG(d,p) structures and different basis sets.
Energies of solvated molecules include non-electrostatic
terms (cavitation, dispersion, and repulsion energies), while
gas-phase energies are corrected with zero-point energies.
Table 7 gives the gas-phase entropy contributions estimated
from frequency calculation performed at the B3LYP/6-31g-
ACHTUNGTRENNUNG(d,p) level. The same table also shows solvation free ener-
gies calculated with 6-31gACHTUNGTRENNUNG(d,p) and aug-cc-pVDZ basis sets.
The free solvation energies are only slightly different, with
the smaller basis set underestimating the augmented data by
about 1–2 kcalmol�1. The reaction energy changes calculat-
ed in the gas phase and in solution at the B3LYP/6-31g ACHTUNGTRENNUNG(d,p)
level and corrected for zero-point energies are given in
Table 8. The experimental data for complexation deter-
mined by Schmuck et al. from NMR titration experiments[7]


are reported in the last column.


Table 6. Absolute (Hartree) and interaction energies (kcalmol�1) for
compound A-9 calculated at two levels of theory (B3LYP and MP2) with
the assumption of B3LYP/6-31g ACHTUNGTRENNUNG(d,p) geometries optimized in water with
selected basis sets (a: 6-31g ACHTUNGTRENNUNG(d,p); b: cc-pVDZ; c: cc-pVTZ; d: aug-cc-
pVDZ, e: aug-cc-pVTZ) and, in the case of MP2, extended to the CBS
limit (CBSt: with use of the b and c basis sets; CBSat: with the augment-
ed d and e basis sets).


Theory A 9 A-9 DE [kcalmol�1]


B3LYP/a �475.96721 �528.22700 �1004.22362 �18.45
B3LYP/d �476.04921 �528.28543 �1004.34729 �7.93
B3LYP/e �476.16926 �528.41489 �1004.59559 �7.17
MP2/b SCF �473.24292 �525.09918 �998.35862 �10.37
Corr �1.39107 �1.61037 �3.02055 �11.99
MP2/c SCF �473.38624 �525.24080 �998.63272 �3.56
Corr �1.74008 �1.98206 �3.74251 �12.78
MP2/d SCF �473.28841 �525.12815 �998.41968 �1.96
Corr �1.47846 �1.68399 �3.18302 �12.90
MP2/e SCF �473.39736 �525.24670 �998.64578 �1.08
Corr �1.77901 �2.01642 �3.81593 �12.87
MP2/CBSt SCF �473.43454 �525.28852 �998.72509 �1.27
Corr �1.98229 �2.24001 �4.24355 �13.33
MP2/CBSat SCF �473.43407 �525.28664 �998.72197 �0.79
Corr �1.98758 �2.24712 �4.25517 �12.84
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The calculated interaction energies (DE) in solution are
substantially equivalent to enthalpy changes and so cannot
be directly compared with experimental data, as the entrop-
ic contribution is not included. However, as free solvation
energies and gas-phase entropy changes are similar for all
complexes, it is likely that the binding entropies are approxi-
mately constant for all complexes, and so the measured rela-
tive differences in binding constants might be interpreted in
terms of differences between binding energies. The calcula-
tions in fact correctly predict that host 9 should form the
least stable complex, as was also found experimentally. The
calculated interaction energies for hosts 10–14 are signifi-
cantly larger but do not differ much (DE=�7 kcalmol�1 for
9 versus ca. DE=�10 kcalmol�1 for 10–14). This is reasona-
ble and in good agreement with the calculated complex
structures. Hosts 10–14 each form a further H-bond from
the additional amide CO to the substrate, which increases
complex stability relative to the case of host 9. At least in
the calculated structures, however, there are no significant
differences found between 10–14, as is reflected in similar
interaction energies. This was also observed experimentally,
as hosts 10–13 all have similar stabilities. However, host 14
was found in the experiments to form an even stronger com-
plex, which is only partially reflected in the calculated data.
The interaction energy for host 14 is larger than those of
hosts 13 and 11 but not than that of 10. A possible reason


for this difference might be the neglected entropic contribu-
tions to the complex stability. Indeed, as discussed below,
MD analysis of the complex conformational evolution in
water showed that complex A-14 and A-13 have higher mo-
bilities than all the other complexes, which should lead to
higher entropies.


Since reaction enthalpy changes can be calculated at high
levels of accuracy, it would also be of great interest to deter-
mine reaction entropy changes in solution directly, as this
would allow solution free energy changes to be evaluated
and hence calculated and experimental data to be compared
directly. However, though progress in this direction has
been reported in the literature, it is still a complicated
matter to evaluate solute vibrational and solvent entropies
theoretically.[30] Alternatively, reaction entropy changes can
be determined indirectly through a thermodynamic cycle as
TDSwat=DEgas+DDGsol�TDSgas�DEsol. The entropy changes
calculated in this way at the B3LYP/6-31g ACHTUNGTRENNUNG(d,p) level from
the data reported in Table 7 are, however, very high at
about �10 kcalmol�1, which is probably due in part to the
large error associated with the evaluation of the binding en-
ergies by use of the 6-31gACHTUNGTRENNUNG(d,p) basis set, and also in part to
the uncertainty associated with gas-phase entropies deter-
mined in the harmonic approximation.


An alternative approach is to determine free binding en-
ergies through molecular dynamics simulations. There are
several possible methodologies to estimate DGsol directly by
exploiting MD, differing in their levels of approximation,
and the most accurate among them are the thermodynamic
integration and free energy perturbation approaches. How-
ever, these approaches require a reference state for free
energy change calculation, while in this work we are inter-
ested in the estimation of an absolute value. Thus, in the fol-
lowing paragraphs we report the results concerning evalua-
tion of free binding energies by the two approaches most
commonly used in the literature: the linear interaction
energy (LIE) and the MM-GB/PBSA methods.


LIE free energy evaluation : The aim of the molecular dy-
namics simulations presented here is to investigate the con-
formational stabilities of the complexes under study at room
temperature when immersed in water. Simulations were per-
formed in a cubic volume with periodic boundary conditions
considering explicit water molecules by the protocol de-


scribed above. The lateral di-
mension of the simulated cubic
domain was 20 P for all com-
plexes and molecules. In order
to prevent the lighter (and thus
translationally faster) mole-
cules from diffusing out of the
periodic box during the simula-
tion time, an increased lateral
size of 30 P was employed for
molecules 9 and A and com-
plex A-9. At the end of the
simulations, water molecules


Table 7. Total gas phase entropy changes (S8) and vibrational contribu-
tions (Svib) of all compounds and complexes. Free energy changes were
calculated on B3LYP/6-31g ACHTUNGTRENNUNG(d,p) structures with use of two different basis
sets: 6-31g ACHTUNGTRENNUNG(d,p) and aug-cc-pVDZ.


Compound S8 (gas) Svib (gas) DGs [kcalmol�1] DGs [kcalmol�1]
Basis set 6-31g ACHTUNGTRENNUNG(d,p) 6-31g ACHTUNGTRENNUNG(d,p) 6-31g ACHTUNGTRENNUNG(d,p) aug-cc-pVDZ


A 97.9 28.1 �55.5 �55.3
9 101.0 29.7 �62.3 �63.0
10 135.0 59.9 �62.3 �63.6
11 150.4 73.9 �63.1 �62.2
12 125.4 51.0 �60.3 �61.4
13 144.6 68.3 �70.5 �74.0
14 162.3 84.5 �65.6 �67.3
A-9 157.9 80.6 �7.5 �8.6
A-10 187.9 108.6 �8.5 �10.5
A-11 202.0 121.9 �6.0 �8.4
A-12 178.6 99.7 �4.1 �6.0
A-13 198.8 118.6 �14.8 �16.4
A-14 216.2 135.2 �10.5 �13.5


Table 8. Reaction energy changes calculated for all complexes in the gas phase and in solution, together with
reaction solvation free energy changes. Gas-phase energy changes are corrected for zero-point energies.
Energy changes in solution are calculated at 300 K. All data were calculated at the B3LYP level on B3LYP/6-
31g ACHTUNGTRENNUNG(d,p) structures with use of 6-31g ACHTUNGTRENNUNG(d,p) and aug-cc-pVDZ (AUG) basis sets.


DEgas TDSgas DDGs DDGs DEwat DEwat DG
6-31g ACHTUNGTRENNUNG(d,p) 6-31g ACHTUNGTRENNUNG(d,p) 6-31g ACHTUNGTRENNUNG(d,p) AUG 6-31gACHTUNGTRENNUNG(d,p) AUG exp[4]


A-9 �123.45 12.26 110.37 109.75 �17.41 �7.01 �2.90
A-10 �127.30 12.81 109.29 108.35 �21.71 �10.23 �3.94
A-11 �126.22 13.32 110.37 109.13 �20.56 �8.98 �3.89
A-12 �128.46 13.03 111.68 110.73 �20.87 �9.71 �4.06
A-13 �126.09 12.57 112.69 112.94 �21.54 �9.10 �3.86
A-14 �126.01 12.72 110.63 109.19 �20.49 �9.53 �4.37
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that had diffused outside the simulation box were re-imaged
to the reference unit cell. Intermolecular interaction ener-
gies with the environment were then determined by use of
the Anal code of the Amber suite.[18] The time span consid-
ered for the energetic analysis was between 40 and 280 ps,
corresponding to 70 coordinates. Electrostatic (Eel) and Van
der Waals (Evdw) interaction energies were then averaged
over the whole time span of 240 ps.


The computed interaction energies of the complexes, the
hosts, and the alanine-carboxylate substrate with the envi-
ronment are summarized in Table 9. Free energies were
computed with use of two different sets of scaling factors for


the electrostatic and VdW interaction energies. The first are
the standard LIE factors, while the others are the results of
a recent fit of experimental data performed with the
Amber95 force field.[31] Ligand energies were computed for
their out-in configurations, because out-out ! out-in iso-
merization energies are available at a higher level of theory
(see Table 1), and were used to correct free energies calcu-
lated with the standard LIE scaling parameters in column C
of Table 9, which therefore represents our best estimate of
the complexes free binding energies.


The calculated DG values correlate well with the experi-
mental data for all complexes from both quantitative and
qualitative points of view. Of course, one cannot expect the
calculations to give exactly the same values, for several rea-
sons. For one thing, the calculations report the complex for-
mation between two single molecules in a indefinitely dilute
solution, whereas the experiments were performed at milli-
molar concentrations. However, it is well known—especially
for ionic interactions, such as we are dealing with here—that
the concentrations of salts (= ionic strength) has a signifi-
cant impact on absolute complex stability: increasing of so-
lution concentration decreases the complex stability, as has
also previously been demonstrated experimentally.[32] To test


the impact of the salt on the results of our calculations we
performed MD simulations of both ligands and complexes
in explicit water, adding Cl� anions (about 1m). The effect
was negligible, as we observed in all cases that Cl� tended
to diffuse away both from the complex and from the ligand
during the MD simulations, though they had been posi-
tioned in proximity to the guanidinium group at the begin-
ning of the simulations. A detailed study of the first instants
of the simulations showed, however, that if Cl� is positioned
in the vicinity of the solvated molecule, it can stabilize the
cation significantly, increasing its interaction energy with the
environment by 1–2 kcalmol�1. This would likely be the case


should the salt concentration
be significantly higher than
that considered in this study.


Though the agreement with
experimental data is within
�0.6 kcalmol�1, there are
some discrepancies that re-
quire discussion. The first is
the lower stability of complex
A-9 with respect to complexes
A-11 and A-13. This might be
determined by an overestima-
tion of the electrostatic inter-
action energy DEel. In fact,
complex A-9 has the highest
charge transfer among the
complexes considered, as evi-
denced by the ESP data out-
lined in Table S3, which are
not accounted for in the force
field adopted for the simula-
tions. The inclusion of charge


transfer—by, for example, adoption of a polarizable force
field—would probably lead to a decrease in the A-9 electro-
static interaction energy and thus in the stability of this com-
plex. The second discrepancy concerns complexes A-13 and
A-14, which are predicted to differ in binding free energy by
more than 1 kcalmol�1, while experimentally this difference
is much smaller. The reason for such a disagreement is prob-
ably the higher conformational mobility of complex A-13,
which is likely to determine an entropic stabilization effect,
as is discussed in more detail below (MD analysis of confor-
mational evolution of key complexes).


MM-GBSA/PBSA free energy evaluation : An alternative
approach to the LIE method is what is usually referred to as
the MM-GB/PBSA scheme.[23] This is an indirect approach
allowing the determination of binding free energies by
taking advantage of the evaluation of free solvation energies
by means of an implicit approach through a thermodynamic
cycle as expressed in:


hDGi ¼ hDEMMiþhDDGsoli�TDSgas ð1Þ


Table 9. Average interaction energies of receptors with the environment (water+alanine and water only) com-
puted for MD simulations of 240 ps at 300 K and averaged over 70 trajectories. The two sets of data were ob-
tained from two different simulations. LIE free binding energies were calculated as DGLIE= aDEvdw+bDEel,
with model A: a=0.16 and b=0.5, and model B: a =0.63 and b=0.43. In model C the energy differences be-
tween the in-out and the out-out configuration given in Table 1 have been added to the data of column A. All
data are reported in kcalmol�1.


Receptor/water Receptor/water DE DGLIE DGexp


+alanine [kcalmol�1]
Evdw Eel Evdw Eel DEvdw DEel A B C


A-9 �9.78 �85.73 �9.25 �73.90 �0.53 � �6.00 �5.42 �3.50 �2.90
11.83


A-10 �17.07 �96.02 �15.76 �83.66 �1.31 – �6.39 �6.14 �4.13 �3.94
12.36


A-11 �20.63 �94.96 �19.34 �84.56 �1.00 – �5.36 �5.10 �3.29 �3.89
10.40


A-12 �15.29 �91.58 �14.64 �78.55 �0.65 – �6.62 �6.01 �4.19 �4.06
13.04


A-13 �16.05 �114.40 �14.71 �103.55 �1.34 – �5.64 �5.51 �3.34 �3.86
10.85


A-14 �20.02 �118.35 �18.84 �104.90 �1.18 – �6.91 �6.33 �4.56 �4.37
13.45
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where DEMM is molecular energy change in the gas phase
for the reaction of dissociation of the complex, and is deter-
mined by the sum of three contributions:


hDEMMi ¼ hDEintiþhDEEliþhDEVdWi ð2Þ


which correspond to changes in internal energy (consisting
of bond stretching, angular deformation, and torsion
energy), electrostatic energy (expressed as Coulomb interac-
tion between point charges), and Van der Waals energy (ex-
pressed through Lennard Jones potentials). Molecular me-
chanics energies were calculated by use of the ff03 Amber
force field.[18] DDGSol is the difference between the solvation
free energy of the complex and that of the ligand and recep-
tor. Solvation free energies were implicitly determined by
the Poisson–Boltzmann (PB) and generalized Born (GB)
approaches. Finally, TDSgas is the entropy difference be-
tween complex, ligand, and protein and was calculated by
considering rotational, translational, and vibrational contri-
butions, which were determined by computing normal mode
frequencies with the Nmode code of the Amber suite.[33]


The computed free binding energies, reported in Table 10,
do not include gas-phase entropy change contributions,
which are outlined separately in Table 11. The free binding
energies calculated as defined in Eq. (1) are reported on the
right-hand side of Table 11. Standard deviations are about
2 kcalmol�1 both for MM-GBSA and for MM-PBSA free
binding energies, respectively, except for complex A-13, for
which the standard deviation is 3.5 kcalmol�1.


The interaction energy data reported in Table 10, comput-
ed from a single trajectory simulation as defined in Eq. (1)
without consideration of the gas-phase entropic contribu-
tion, match the experimental data qualitatively well, with


complex A-14 having the highest interaction energy, fol-
lowed by complexes containing hosts 10 and 12. Also, the
significant binding energy difference between systems A-14
and A-13 is well predicted by these data. The only qualita-
tive inconsistency concerns complex A-9, the binding energy
of which is out of scale with respect to the experimental
trend. This overestimation is similar to that observed for the
LIE analysis, and so the considerations above are also valid
in this case.


In absolute terms, after the entropy contributions are in-
cluded, the calculated complex stabilities are now signifi-
cantly smaller than those obtained from the experimental
data. There are two possible factors that might justify the
observed quantitative disagreement. The first is an errone-
ous evaluation of gas-phase vibrational frequencies. In fact,
15–20 vibrational frequencies of the complexes calculated
by DFT at the B3LYP/6-31g ACHTUNGTRENNUNG(d,p) level are smaller than
150 cm�1, and so the harmonic approximation is probably
not adequate to describe most of these intramolecular mo-
tions. Also, from the data outlined in Table 11 it is easy to
calculate that the contribution of vibrational entropies to
the overall gas-phase entropy change is about 50%, so an
error in the evaluation of the vibrational entropy would be
reflected significantly in the overall free energy change. A
second possibility is that the error associated with the evalu-
ation of the solvation free energies of charged molecules
might significantly influence the free energy change evalua-
tion. It has in fact been shown that the Amber force field
tends to overestimate the solvation energies of positively
charged amino acids and to underestimate those of negative-
ly charged amino acids.[34] Though the two errors should bal-
ance out in the present case, it is likely that a significant un-
certainty would still remain. Similar systematic errors have


been found in the literature
when the MM-PBSA approach
was used to determine absolute
free binding energies of com-
plexes involving DNA and pro-
teins,[35] and were attributed
either to errors in the radii
used for the evaluation of sol-
vation free energies, so that re-
fitting of the PARSE radii has
been suggested, or to uncer-
tainties in the estimation of en-
tropy contributions.


MD analysis of conformational
evolution of key complexes


The comparison between DFT
and MD calculations seems to
indicate that most of the ex-
perimentally measured free
binding energies can be ex-
plained in terms of a relatively
strong binding enthalpy of


Table 10. Sum of gas-phase binding energies and free solvation energy differences calculated by the PBSA
and GBSA approaches and averaged over 125 snapshots of a single-trajectory MD simulation performed with
a cut-off for long-range interactions of 15 P for 1 ns. Energies (kcalmol�1) are defined as in Eq. (1), but do
not include gas-phase contributions.


PBSA GBSA
COM REC LIG DPB COM REC LIG DGB


A-9 �191.62 �76.33 �102.18 �13.11 �191.13 �78.52 �100.19 �12.42
A-10 �198.99 �76.82 �108.19 �13.98 �197.95 �79.00 �105.73 �13.22
A-11 �190.40 �78.12 �98.44 �13.84 �189.21 �80.29 �95.83 �13.09
A-12 �155.18 �76.01 �65.52 �13.65 �154.65 �79.91 �60.59 �14.15
A-13 �215.31 �77.63 �125.84 �11.84 �215.57 �79.83 �124.41 �11.33
A-14 �220.08 �77.36 �127.91 �14.81 �219.40 �79.46 �125.77 �14.17


Table 11. Gas-phase entropies were calculated by averaging vibrational, rotational, and translational contribu-
tions evaluated through a normal mode analysis of 50 snapshots obtained from MD simulations performed
with a cut-off for long-range interactions of 15 P and for 1 ns. Free binding energies were calculated by sub-
tracting the entropic contributions to the energies reported in Table 10. Data are reported in kcalmol�1.


SCOM SREC SLIG TDS DG PBSA DG GBSA DGexp
[7]


A-9 48.04 29.64 29.32 �10.92 �2.19 �1.50 �2.9
A-10 56.92 29.64 38.55 �11.27 �2.71 �1.95 �3.94
A-11 59.86 29.64 43.07 �12.85 �0.99 �0.24 �3.89
A-12 54.00 29.64 35.86 �11.50 �2.15 �2.65 �4.06
A-13 59.96 29.64 41.53 �11.21 �0.63 �0.12 �3.86
A-14 63.76 29.64 46.80 �12.68 �2.13 �1.49 �4.37
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about 8 kcalmol�1 produced by the formation of three hy-
drogen bonds between the guanidiniocarbonylpyrrole cation
and the negatively charged carboxylate of the substrate. An-
other 2 kcalmol�1 in complex stability is then gained
through the addition to the pyrrole of the second amide
group, which can form a further H-bond with the substrate.
Despite the copious information gained by the conjunct
DFT and MD analyses, however, it is difficult to understand
precisely how the addition of an isopropyl group to host 13
enhances the affinity of host 14 towards alanine. Even more
so, as MD free binding energy simulations predict the differ-
ence in stability between the two complexes to be even
higher than that experimentally measured. In order to inves-
tigate the origin of the different binding affinities of hosts
13 and 14 further, we analyzed the conformational evolution
of the respective complexes over time in detail.


The first significant difference observed between com-
plexes A-14 and A-13 is that A-14 periodically changes its
conformation between the minimum-energy structure during
the MD simulations (structure X ; see Figure 5) determined
by DFT calculations and used as starting point of the simu-
lations and a second structure (Y; see Figure 5) in which the
N-acetyl group of alanine interacts with the isopropyl group
of host 14 and with the pyrrole N atom. The fourth H-bond
from the pyrrole amide CO to the NH of the alanine amide
is not present in this structure. A third structure, in which
only the carboxylate group is still interacting with the recep-
tor (structure Z ; see Figure 5), could also be observed. Simi-
lar structures were also observed for complex A-13 (see
Figure 5). It is interesting to note that structures X and Y
were observed more frequently for complex A-14 then for
A-13.


To determine the relative stabilities of structures X and Y
in complexes A-14 and A-13, DFT calculations were per-
formed with the MD structures shown above as starting geo-
metries. Because of the weak natures of the interactions
present in complex Y, which involves relatively distant
atoms, geometry optimizations had to be performed with


the computationally expensive aug-cc-pVDZ basis set. We
found that for complex A-13 the optimization of conforma-
tion Y leads to structure X, which means that Y is not a
local minimum for complex A-13. In contrast, in complex
A-14 we were able to determine a minimum-energy struc-
ture similar to structure Y, which is less stable than structure
X by about 4 kcalmol�1 and thus represents a second energy
well on the potential energy surface of A-14.


To determine the times spent by each complex in configu-
rations X and Y during the MD simulations quantitatively,
we monitored the distance between the carbon atom of the
N-acetyl group of alanine and the pyrrole nitrogen atom.
The results of these analyses are outlined in Figures 6 and 7
for complexes A-13 and A-14, respectively. The total
number of trajectories screened was 250 (one every four ps).


The relative populations of the three structures X, Y, and
Z for the complexes A-13 and A-14 are summarized in
Table 12, together with the absolute MM-PBSA energies


Figure 5. Key intermediate conformations observed during the 1 ns molecular dynamics of complexes A-13 and A-14.


Figure 6. Graphical analysis of the distance between the carbon atom of
the terminal methyl group of alanine and the nitrogen atom of pyrrole
measured for complex A-13 during 1 ns of MD simulation.
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and free energy changes computed with the MM-PBSA, un-
corrected for gas-phase entropy changes. The data in
Figure 6 and Figure 7 clearly show that the monitored dis-
tance has smaller fluctuations in complex A-14 than in com-
plex A-13. The maximum changes are about 4 P for A-14
and 7 P for A-13, which might indicate that complex A-14
is more stable. Also, the energetic analysis in Table 12 indi-
cates that the predicted decrease in binding energy for com-
plex A-13 through population of the higher-energy confor-
mations with respect to complex A-14 can be ascribed
mostly to the fact that complex A-13 spends part of its time
in configuration Z, which has a significantly reduced binding
energy. The change of conformation between X, Y, and Z is
determined by two internal rotations of the alanine carbox-
ylate constituents around its stereogenic a-carbon, and in
particular around the C�N and the C�COO bonds. For
complex A-13 the rotation about the C�COO leads to struc-
ture Z without any intermediate minimum for structure Y.
The structure Z has one H-bond fewer than the correspond-
ing global minimum X, so reduced stability is obviously to


be expected. For complex A-14 the same rotation brings the
N-acetyl group into close proximity to the bulky isopropyl
side chain, leading to an energy minimum for structure Y,
which is therefore periodically reached during the simula-
tions. Further rotation to the less stable structure Z is obvi-
ously then prohibited by the steric interaction between the
two groups, and the complex returns to structure X. Accord-
ing to MD simulations, complex A-14 hardly passes through
conformation Z, in sharp contrast to complex A-13. It is in-
teresting to observe that while the MM-PBSA energy of A-
14 is essentially constant during the simulation time, inde-
pendently of the oscillations between the two conforma-
tions, that of A-13 varies significantly, with the interaction
minima and absolute MM-PBSA energies reached in confor-
mation Z. The high mobility of complex A-13 increases its
conformational entropy, even more so as the reduced
moment of inertia of the two mutually rotating moieties is
particularly high given their size and weight, thus leading to
the previously invoked entropic stabilization of the complex.


Conclusion


The combined DFT and MD investigation of structures and
energies of guanidiniopyrrole–carboxylate complexes has al-
lowed us to improve our understanding of the origin of the
stability of these compounds in water. Minimum-energy
structures of complexes, substrates, and ligands were deter-
mined computationally with the aid of state-of-the-art DFT
calculations, revealing complexes characterized by three
strong H bonds involving the carboxylate, the guanidinium,
and the pyrrole NH groups. The use of the DFT approach
has been justified with selected MP2 calculations. The com-
plexes are further stabilized by additional interactions be-
tween the ligand side groups and the substrate. The host–
guest interaction is sufficiently strong to induce a conforma-
tional change in the ligand, consisting of a 1808 rotation
around the guanidiniocarbonyl-pyrrole bond, leading to a
structure that is about 2.5 kcalmol�1 higher in energy. Bind-
ing energies computed with implicit water molecule effects
taken into account were significantly affected by basis set
size, confirming the need for diffuse functions with high an-
gular moment in order to describe supramolecular com-
plexes. The predicted binding enthalpy of about 9 kcalmol�1


is mostly determined by electrostatic interactions, comparing
well with the experimentally measured trend of the com-
plexesM stabilities. Complementary DFT calculations with
MD simulations led to a deeper understanding of this
system. At 300 K in water several torsion vibrations degen-
erate into hindered internal rotors, so that different binding
structures are observed during the simulations. The stabiliza-
tion of one of these structures, determined by VDW interac-
tions between the guanidinium side arm and the carboxylate
substrate, played a key role in increasing the strength of the
most stable complex considered in this study. The reason is
that it allowed two internal rotations of the alanine carbox-
ylate constituents around its stereogenic a-carbon to be lim-


Figure 7. Graphical analysis of the distance between the carbon atom of
the terminal methyl group of alanine and the nitrogen atom of pyrrole
measured for complex A-14 during 1 ns of MD simulation.


Table 12. Average MM-PBSA energies (kcalmol�1, the sums of gas-
phase and solvation free energies calculated with the PBSA solvation
model) and free energy changes (calculated as defined in Eq. (1), without
inclusion of the entropic contributions) of complexes A-13 and A-14 cal-
culated during a 1 ns MD simulation.


t [ns] Conf PB DPB


A-13 0.08–0.20 X �219.3 �14.0
0.28–0.40 X-Z �217.2 �13.2
0.40–0.60 Z �209.1 �7.0
0.60–0.80 X/Z �211.8 �10.4
0.80–1.0 Y �218.9 �15.1


A-14 0.14–0.22 X �221.4 �14.0
0.30–0.44 X �221.9 �14.7
0.44–0.60 Y �221.6 �15.8
0.60–0.80 X/Y �220.8 �15.3
0.80–0.94 Y �221.3 �16.4
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ited, leading to the formation of unstable structures. Finally,
it was interesting to find out that the LIE method allowed
binding energies of the complexes in almost quantitative
agreement with experimental data to be calculated. This in-
dicates that the fundamental hypothesis on which LIE is
based, the linear response approximation, is reasonable for
the systems under investigation. Some minor deviations
from experimental data should probably be correctable by
improving the quality of the force field by adopting, for ex-
ample, polarizable force fields.
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Novel Single-Crystal-to-Single-Crystal Anion Exchange and Self-Assembly of
Luminescent d10 Metal (CdII, ZnII, ACHTUNGTRENNUNGand CuI) Complexes Containing
C3-Symmetrical Ligands


Biing-Chiau Tzeng,*[a] Tse-Hao Chiu,[a] Bo-So Chen,[a] and Gene-Hsiang Lee[b]


Introduction


The coordinative bond approach has been widely used in
the construction of supramolecular coordination com-
pounds.[1] Recently, a wide range of 1D, 2D, or 3D infinite
solid-state coordination architectures as well as discrete mo-
lecular structures have been isolated and structurally charac-


terized,[2] and many of these are anticipated to be potential
candidates for molecular materials. Moreover, in parallel, it
is possible to use highly directional hydrogen bonds as a
means of controlling self-assembly, and thus the simultane-
ous exploitation of coordinative bonding, hydrogen bonding,
and/or other weak interactions has recently been recognized
as a very powerful and versatile strategy in supramolecular
design and material synthesis.[3] In fact, these structural
frameworks have been utilized in applications such as chem-
ical sieving, sensing, and catalysis, and much progress has
been made in all of these areas.[4]


Organic amides have proved to be very useful compo-
nents in self-assembly through hydrogen bonding; moreover,
the assembled products have relevance to biological systems.
Ghadiri et al.[5] have used cyclic oligoamides as building
units to construct interesting nanotubes, resulting in zeolite-
like frameworks through inter-ring and/or inter-tube hydro-
gen bonding. These cyclic oligoamides containing channel
structures are anticipated to be a new and important family


Abstract: Ligands L1 and L2’ (L1=


N,N’,N’’-tris(4-pyridyl)trimesic amide,
L2’=N,N’,N’’-tris(3-pyridinyl)-1,3,5-
benzenetricarboxamide) belonging to
an interesting family of tripyridyltri-
ACHTUNGTRENNUNGamides with C3-symmetry have been
utilized to construct 3D porous or hy-
drogen-bonded frameworks. Through a
novel single-crystal-to-single-crystal
anion-exchange process, [Cd(L1)2-
ACHTUNGTRENNUNG(ClO4)2]n (1c) can be obtained from
[Cd(L1)2Cl2]n (1b) in the presence of
ClO4


� anions. This anion-exchange pro-
cess is highly selective and only the
substitution of Cl� by ClO4


� or PF6
�


could be realized; Cl� was found not to
be substituted by BPh4


�. This demon-
strates that the exchange process de-
pends on the size of the anions in rela-


tion to the size of the cavities in the
host material (ca. 7.5 5). In addition,
the anion-exchange properties of 1b
have also been investigated by means
of powder X-ray diffraction (PXRD),
elemental analysis (EA), and infrared
absorption spectroscopy (IR). Structur-
ally, [Zn(L1)ACHTUNGTRENNUNG(NO3)2]n (2) consists of a
2D coordination network with five-co-
ordinate ZnII ions. Surprisingly, differ-
ent trigonal-bipyramidal ZnII ions
propagate to form distinct respective
sheet structures, A and B, which are
packed in an A-B-A-B manner in the


crystal lattice, and these are hydrogen-
bonded to give a 3D extended frame-
work. The molecular structure of [CuI-
ACHTUNGTRENNUNG(L2’)]n (3) shows that the CuI ion
adopts a distorted tetrahedral geome-
try, and 3 also forms a 2D coordination
network. Significantly, this 2D coordi-
nation network is further assembled
into a remarkable 3D homochiral
framework through triple hydrogen
bonding and p···p interactions. All of
these 3D coordination polymers and/or
hydrogen-bonded frameworks are lu-
minescent in the solid state, and their
solid-state luminescent properties have
been investigated at room temperature
and/or at 77 K.
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of molecular materials. On the other hand, related research
on metal-containing cyclic amides is still in its infancy. The
incorporation of transition metal ions into hydrogen-bonded
networks is important because the magnetic and optical
characteristics of these ions become part of a broader strat-
egy for crystal engineering of nonlinear optical, conducting,
ferromagnetic, and luminescent materials.[3] Puddephatt
et al. reported pioneering work based on this novel idea, in
which a metal-containing (PtII ions) molecular triangle was
constructed, taking advantage of dipyridylamides (N-pyri-
din-4-yl-isonicotinamide) as bridging ligands and PtII ions as
connectors in the assembly process.[6] This complex cation
appears to be a novel example of a cyclic coordination com-
pound that forms a dimeric architecture similar to that
formed by cyclic peptides,[5] and it suggests that the biomim-
etic approach to the organization of coordination networks
holds considerable promise.


In 2004, Stang et al. reported an interesting nanoscopic
coordination cage, [Pd3L1’2]


6+ (L1’=N,N’,N’’-tris(3-pyridyl)-
trimesic amide), obtained by self-assembly from PdII ions
and L1’ ligands, which was characterized by NMR (31P, 1H)
and electrospray ionization mass spectrometry.[7] Simulation
of the pseudo-trigonal-bipyramidal cages with an MM2
force field showed the cavity diameter to be about 1.9 nm.
Later, Lah and co-workers also reported two novel single-
crystal structures of the truncated octahedral cages
[Pd6L1’8]


12+ and [Pd6L28]
12+ (L2=N,N’,N’’-tris(4-pyridinyl)-


1,3,5-benzenetricarboxamide),[8] and these face-driven
corner-linker nanocages were found to have 12 ports at the
edge of the truncated octahedron. LahLs work highlights
that both the cavity size and the port size of the cage may
be controlled by the size of the facial ligands. Very recently,
Kitagawa et al. reported the construction of a 3D porous co-
ordination polymer, [Cd(L1)2 ACHTUNGTRENNUNG(NO3)2]n (1a ; L1=N,N’,N’’-
tris(4-pyridyl)trimesic amide).[9] The highly ordered amide
groups in the channels play an important role in the interac-
tion with guest molecules, which was confirmed by thermog-
ravimetric analysis (TGA), adsorption/desorption measure-
ments, and powder X-ray diffraction studies (PXRD). In ad-
dition, catalysis of a Knoevenagel condensation reaction by
1a demonstrates its reactivity as a selective heterogeneous
basic catalyst, interaction with which depends on the sizes of
the reactants. The solid catalyst maintains its crystalline
framework after the reaction and is easily recycled. Thus,
the L1 and L2 families show potential as tridentate bridging
ligands for the construction of molecular cages or 3D
porous coordination polymers, and this offers possibilities
for the development of suitable nanosized host systems that
can accommodate small molecular guests or catalysts.


We have previously reported the crystal structures and
solid-state luminescent properties of 3D [Cd(L1)2Cl2]n (1b)
and 2D [AgACHTUNGTRENNUNG(L1’)PF6]n coordination polymers,[10] with three
pyridylamides as functional appendages propagating in the
extended structures. In continuation of our efforts in the
construction of functional coordination polymers and/or hy-
drogen-bonded frameworks,[10, 11] we report herein on studies
of novel single-crystal-to-single-crystal anion exchange and


self-assembly of luminescent CdII, ZnII, and CuI complexes
containing the C3-symmetrical ligands L1 and L2’ (L2’=
N,N’,N’’-tris(3-pyridinyl)-1,3,5-benzenetricarboxamide).


Experimental Section


General information : All solvents for syntheses (analytical grade) were
used without further purification, and metal salts (CuI, ZnACHTUNGTRENNUNG(NO3)2, and
Cd ACHTUNGTRENNUNG(NO3)2) were obtained commercially (Strem Chemicals). L1, L2’, and
[Cd(L1)2Cl2]n (1b) were prepared according to literature methods.[10,12]


CAUTION! Perchlorate salts are potentially explosive and should be han-
dled with care and in small amounts.


IR spectra were recorded from samples in KBr pellets on a Perkin–
Elmer PC 16 FTIR spectrometer, and steady-state emission spectra were
recorded on a Hitachi F-7000 spectrophotometer. Thermogravimetric
analysis was performed under a flow of air at a heating rate of
10 8Cmin�1 using a Shimadzu TGA-50 system. Powder X-ray diffraction
data were recorded on a Shimadzu XRD-6000 diffractometer.


[Cd(L1)2X2]n ACHTUNGTRENNUNG[X=ClO4
�
ACHTUNGTRENNUNG(1c), PF6


�
ACHTUNGTRENNUNG(1d)]: Crystalline samples of 1b were


immersed in a 0.01m aqueous solution of LiClO4 for 12 h. Although most
of the crystals turned opaque, some retained their crystalline properties
and were still suitable for X-ray diffraction analysis. 1c was isolated in
about 93% yield. FT-IR (KBr): nNH=3240, nC=O=1688, nCl�O=1143,
1120, and 1088 cm�1; elemental analysis calcd (%) for
C48H44CdCl2N12O18: C 45.71, H 3.49, N 13.33; found: C 45.74, H 3.88, N
13.65. 1d was obtained in around 90% yield by a similar method to that
described for the synthesis of 1c, except that NH4PF6 was used instead of
LiClO4. FT-IR (KBr): nNH=3251, nC=O=1682, nP�F=828 cm�1; elemental
analysis calcd (%) for C48H40CdF12N12P2O8: C 43.83, H 3.07, N 12.78;
found: C 44.27, H 3.29, N 13.08.


[Zn(L1) ACHTUNGTRENNUNG(NO3)2]n (2): Reaction of L1 (44 mg, 0.1 mmol) dissolved in
MeOH (20 mL) with ZnACHTUNGTRENNUNG(NO3)2·6H2O (30 mg, 0.1 mmol) at room temper-
ature for 0.5 h gave a white precipitate. Recrystallization of the crude
product by diffusion of diethyl ether into a solution in DMF afforded col-
orless crystals in about 45% yield. FT-IR (KBr): nNH=3251, nC=O=


1687 cm�1; elemental analysis calcd (%) for C69H89N23O27Zn2: C 45.91, H
4.94, N 17.86; found: C 46.12, H 4.99, N 17.58.


ACHTUNGTRENNUNG[CuI ACHTUNGTRENNUNG(L2’)]n (3): CuI (19 mg, 0.1 mmol) dissolved in a saturated methanol-
ic solution of KI (2 mL) was carefully layered onto a solution of L2’
(48 mg, 0.1 mmol) in DMF (2 mL). After two weeks, pale-yellow crystals
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were obtained in about 64% yield. FT-IR (KBr): nNH=3269, nC=O=


1643 cm�1; elemental analysis calcd (%) for C27H24CuIN6O3: C 48.29, H
3.58, N 12.52; found: C 47.78, H 3.77, N 12.47.


X-ray crystallography: Suitable single crystals of 1c, 2, and 3 were each
mounted on a glass capillary, and data were collected on a Bruker
SMART CCD diffractometer with MoKa radiation (l=0.71073 5) at
150(2) K. A preliminary orientation matrix and unit-cell parameters were
determined from three runs of 15 frames each, each frame corresponding
to a scan of 0.38 in 20 s, and this was followed by spot integration and
least-squares refinement. Data were collected using an w scan of 0.38 per
frame for 20 s until a complete hemisphere had been covered. Cell pa-
rameters were retrieved using SMART[13a] software and refined with
SAINT[13b] on all observed reflections. Data reduction was performed
with the SAINT software and the resulting data were corrected for Lor-
entz and polarization effects. Absorption corrections were applied with
the program SADABS.[13c] The structures were solved by direct methods
with the SHELXS-97[13d] program and refined by full-matrix least-squares
methods on F2 with SHELXL-97.[13e] All non-hydrogen atomic positions
were located in difference Fourier maps and refined anisotropically. Hy-
drogen atoms were constrained to the ideal geometry using an appropri-
ate riding model. Details of the data collection and the refinement of the
structures for 1c·17H2O, 2·H2O·3.5DMF, and 3 are summarized in
Table 1, and their selected bond distances and angles are summarized in
Table 2. Hydrogen bonds in the structures are listed in Table 3.


Results and Discussion


Recently, we[10] and Kitagawa et al.[9] reported two remark-
able examples of 3D coordination polymers of the type
[Cd(L1)2X2]n (X=Cl�, NO3


�), which were shown to display


solid-state luminescence, thermal stability, adsorption/de-
sorption properties, and selective heterogeneous size-depen-
dent catalytic activities. To further investigate this intriguing
class of porous materials and to study their potential appli-
cations, we have now performed anion-exchange studies
through a novel crystal-to-crystal process to examine their
behavior in relation to the size of the anion. In addition, the
assembly process by way of the coordinative bond approach
and/or hydrogen bonding has also been studied by treating
the C3-symmetrical ligands (L1 and L2’) with ZnII or CuI


ions, respectively. These 3D coordination polymers and/or
hydrogen-bonded frameworks are all air-stable and lumines-
cent in the solid state.


Description of the crystal structures : 1c crystallized in the
Ia3̄ space group; its 3D porous framework molecular struc-
ture is shown in Figure 1a, which is isostructural with those
of 1a and 1b. Briefly, the coordination framework is con-
structed from six-coordinate CdII ions, each with almost per-
fect octahedral geometry, and L1 with pseudo-C3 symmetry.
Furthermore, the two frameworks mutually interpenetrate
to give a 3D porous structure with zigzag channels of diame-
ter around 7.5 5, as shown in Figure 1b. The 3D pores con-
taining tripyridylamide moieties as functional units in the
channels are particularly attractive for guest uptake and/or
ion-exchange studies, thus making such 3D coordination
polymers potentially attractive as molecular materials. In
this context, the exchange process was carried out in aque-
ous solution, and hence the voids were successfully filled
with ClO4


� anions (two, of which one is regularly arranged
and the other is disordered) and a large number of water
molecules (17 water molecules in an asymmetric unit),
which are involved in hydrogen-bonding with the ClO4


�


anions, the amide groups, and even the water molecules
themselves in the 3D channels (the hydrogen-bond data are


Table 1. Crystallographic data for 1c, 2, and 3.


1c·17H2O 2·H2O·3.5DMF 3


empirical for-
mula


C48H70CdCl2N12O31 C34.5H44.5N11.5O13.5Zn C27H24CuIN6O3


Mr 1494.46 901.69 670.96
crystal
system


cubic triclinic hexagonal


space group
(No.)


Ia3̄ P1̄ P63


a [5] 24.7634(3) 14.6735(7) 14.1457(13)
b [5] 24.7634(3) 16.9018(9) 14.1457(13)
c [5] 24.7634(3) 17.1077(9) 7.6098(6)
a [8] 90 91.883(1) 90
b [8] 90 107.244(1) 90
g [8] 90 91.690(1) 120
V [53], Z 15185.6(3), 8 4046.5(4), 4 1318.7(2), 2
F ACHTUNGTRENNUNG(000) (e) 6176 1880 668
m (MoKa)
[mm�1]


0.441 0.687 2.040


T [K] 150(2) 150(2) 150(2)
reflections
collected


26419 44013 8624


independent
reflections
(Fo�2s(Fo))


2922
(Rint=0.060)


14256
(Rint=0.061)


14256
(Rint=0.055)


refined pa-
rameters


146 1084 1941


GoF on F2 1.059 1.307 1.124
R[a] , Rw


[b]


(I�2s(I))
0.075, 0.210 0.100, 0.199 0.700, 0.176


R[a] , Rw
[b] (all


data)
0.123, 0.251 0.120, 0.207 0.087, 0.188


[a] R=� j jFo j� jFc j j /� jFo j . [b] wR2= {[�w ACHTUNGTRENNUNG(Fo
2�Fc2)2/�[w ACHTUNGTRENNUNG(Fo


2)2]}1/2.


Table 2. Selected bond lengths [5] and angles [8] in 1c, 2, and 3.[a]


1c


Cd(1)�N(1) 2.380(3) O(1)�C(6) 1.222(5)
N(1)�C(1) 1.329(6) N(1)�C(5) 1.343(6)
N(2)�C(6) 1.350(6) N(2)�(3) 1.394(6)
N(1)(1)-Cd(1)-N(1)(2) 91.82(12) N(1)(1)-Cd(1)-N(1) 180
C(1)-N(1)-C(5) 116.1(4) C(1)-N(1)-Cd(1) 124.4(3)
C(5)-N(1)-Cd(1) 119.3(3) C(6)-N(2)-C(3) 128.1(4)


2


Zn(1)�N(1) 2.056(5) Zn(2)�N(9) 2.041(5)
Zn(1)�O(7) 2.108(5) Zn(1)�O(4) 2.158(5)
Zn(2)�O(16) 2.138(5) Zn(2)�O(13) 2.198(5)
N(1)-Zn(1)-O(7) 91.0(2) N(1)-Zn(1)-O(4) 86.3(2)
O(7)-Zn(1)-O(4) 163.6(2) N(9)-Zn(2)-O(16) 90.5(2)
N(9)-Zn(2)-O(13) 87.2(2) O(16)-Zn(2)-O(13) 161.2(2)


3


Cu�N(1) 2.066(8) Cu�I(1) 2.627(3)
N(1)(3)-Cu-N(1) 112.6(3) N(1)-Cu-I(1) 112.6(3)
C(5)-N(1)-Cu 121.9(8) C(1)-N(1)-Cu 121.4(7)
C(5)-N(1)-C(1) 116.6(9) C(7)-N(2)-C(6) 124.9(9)


[a] Symmetry positions of atoms : 1) 1�x, 1�y, �z. 2) 1=2 +z, x, 1=2�y. 3)
1�x+y, 1�x, z.
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shown in Table 3). It is noted that the formation of 1c repre-
sents a rare and remarkable example of a successful single-
crystal-to-single-crystal anion-exchange process,[1b] suggest-
ing that 1b has a robust structural framework.


Complex 2 crystallized in the P1̄ space group. The molec-
ular structures in Figure 2a and b show that the ZnII ions
adopt a distorted trigonal-bipyramidal geometry, where the
structure in Figure 2a is composed of three nitrogen atoms
from three different tridentate bridging L1 ligands and two
trans terminal NO3


� anions, and that in Figure 2b contains
three nitrogen atoms from three L1 ligands, one coordinated
NO3


� anion, and one water molecule. Such a connection
mode in combination with tridentate-bridging L1 makes 2 a
regular 2D coordination network. Surprisingly, different
trigonal-bipyramidal ZnII ions propagate in their respective
sheet structures, with A (Figure 2a) and B (Figure 2b)
packed in an A-B-A-B manner in the crystal lattice. The A
and B sheets are hydrogen-bonded through coordinated
NO3


�···amide interactions [N(10)···O(5) 3.005(8) 5, and
(doubly) N(2)···O(13) 3.152(7) 5 and N(2)···O(14)
3.088(8) 5]. The dimeric sheet structures shown in Figure 2c
are further hydrogen-bonded through coordinated water···-
ACHTUNGTRENNUNGamide interactions [O(16)···O(10) 2.741(7) 5] to give a 3D
extended framework, as shown in Figure 2d. Thus, the
porous framework of 2 is filled with free NO3


� ions and
water and DMF molecules. Significantly, the huge 48-mem-
bered macrocycles constructed from three five-coordinate
ZnII ions as connectors and three pyridylamide moieties as
bridges propagate to form the 2D extended structures, and
indeed the structural motif is reminiscent of the framework
of [Ag(L1) ACHTUNGTRENNUNG(PF6)]n,


[10] in which three trigonal AgI ions and
three tripyridylamide moieties constitute the 48-membered
macrocycles. Although five-coordinate ZnII ions are not un-
common, the fact that two different geometric configura-
tions of ZnII ions lead to distinct respective sheet structures


in the crystal lattice is interest-
ing. We reason that the trigo-
nal-bipyramidal geometries in 2
seem to be correlated with the
steric hindrance from the NO3


�


anions.
The molecular structure of 3,


which crystallized in the P63
space group, is shown in Fig-
ure 3a. The CuI ion adopts a
distorted tetrahedral geometry,
which is composed of three ni-
trogen atoms from three differ-
ent tridentate bridging L2’ li-
gands and one terminal iodide.
The C3 axis passes through the
CuI center and iodine atom (the
distance between neighboring
CuI···I axes in the crystal lattice
is 4.980 5), and such a connec-
tion mode in combination with
tridentate bridging L2’ ligands


also makes 3 a regular 2D coordination network, as shown
in Figure 3b. In addition, the huge 48-membered macrocy-
cles constructed from three four-coordinate CuI ions as con-
nectors and three pyridylamide moieties as bridges propa-
gate to form the 2D extended structure, which is similar to
those of 2 and [Ag(L1)ACHTUNGTRENNUNG(PF6)]n.


[10] Significantly, this 2D coor-
dination network is further assembled into a remarkable 3D
extended framework through triple hydrogen bonding
[N(2)···O(1) 3.129(17) 5] and p···p interactions (centroid···
centroid distance of phenyl rings: 3.805 5), as shown in Fig-
ure 3c, and this triple-hydrogen-bonding motif represents a
novel example of a triple helix. Indeed, the refined absolute
Flack factor is 0.15(7). Moreover, we also refined the data
using racemic twin refinement for 3, and this did not lead to
significant improvements in the results. After examining the
asymmetric unit of the crystal structure, we could rule out
the possibility of a racemic mixture growing in one crystal.
This indicates that the absolute configuration in the present
case is most likely to be homochiral.


In this study, it was interesting to find that upon reaction
with 4-pyridyltriamides (L1) or 3-pyridyltriamides (L2’), the
different d10 metal ions (CdII, ZnII, and CuI) generate struc-
tural motifs that dramatically change from 2D coordination
polymers (2 and 3) to 3D coordination polymers (1c). More-
over, 2 and 3 are further hydrogen-bonded to form 3D
frameworks, in which two different geometric compositions
of five-coordinate ZnII ions are found in the respective sheet
structures for 2, and a novel hydrogen-bonded motif,
namely a triple helical hydrogen bond, is observed for 3. In
addition, a systematic change in the coordination geometries
of the metal ions from tetrahedral (four-coordinate) CuI


ions to trigonal-bipyramidal (five-coordinate) ZnII ions to
octahedral (six-coordinate) CdII ions has been observed,
leading to the different structural frameworks.


Table 3. Hydrogen bonds in the structures of 1c, 2, and 3.


D�H···A [5] D�H [5] H···A [5] D···A [5] D�H···A [8]


1c
N(2)�H(2A)···O(7)[a] 0.88 2.164 2.937(7) 146.5
O(6)�H(6A)···O(7) 0.89 1.893 2.756(9) 162.6
O(7)�H(7A)···O(2) 0.88 2.555 3.303(7) 143.4
O(8)�H(8A)···O(9) 0.90 1.877 2.680(18) 147.1


2
N(2)�H(2A)···O(13) 0.88 2.302 3.152(7) 162.9
N(2)�H(2A)···O(14) 0.88 2.434 3.088(8) 131.6
N(4)�H(4A)···O(22) 0.88 2.100 2.968(8) 168.8
N(6)�H(6B)···O(23)[b] 0.88 2.053 2.908(8) 164.1
N(10)�H ACHTUNGTRENNUNG(10A)···O(5) 0.88 2.186 3.005(8) 154.9
N(12)�H ACHTUNGTRENNUNG(12A)···O(24) 0.88 1.960 2.824(7) 166.5
N(14)�H ACHTUNGTRENNUNG(14A)···O(20) 0.88 1.989 2.838(7) 161.6
O(16)�H ACHTUNGTRENNUNG(16A)···O(10)[c] 0.90 1.881 2.741(7) 159.8
O(16)�H ACHTUNGTRENNUNG(16B)···O(27) 0.90 1.768 2.641(8) 162.8
O(27)�H(27)···O(17) 0.90 1.910 2.802(10) 170.1
O(27)�H ACHTUNGTRENNUNG(27’)···O(26)[d] 0.90 1.851 2.743(11) 170.9


3
N(2)�H(2)···O(1)[e] 0.88 2.379 3.129(17) 143.5


Symmetry positions of atoms: [a] x, 1/2�y, �1/2+z ; ab=2. [b] �1+x, y, �1+z. [c] 2�x, 2�y, 1�z. [d] 1�x,
2�y, 1�z. [e] x�y, x, �1/2+z.
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Thermogravimetric analysis and powder X-ray diffraction
studies : To examine the thermal stabilities of the com-
pounds, 1c and 3 were subjected the TGA and PXRD anal-
ysis. The weight loss from 1c was found to be 18.4% upon
heating a solid sample to 320 8C, which is roughly consistent
with the calculated weight loss of 20.5% for seventeen
water molecules. Above this temperature, 1c starts to de-
compose. Indeed, the decomposition temperature of 320 8C
is higher than those of 1a (260 8C) and 1b (250 8C), suggest-
ing that 1c has greater thermal stability. The reason for this
could lie in the bulkiness of ClO4


� compared with NO3
� and


Cl�, which results in there being less void space in the crys-


tal lattice of 1c. For 3, there are
no solvating molecules in the
crystal lattice, and it is thermal-
ly stable up to 330 8C. In con-
trast to the 3D coordination po-
lymer structure of 1c, 3 has a
3D chiral hydrogen-bonded
framework, and hence we
reason that its thermal stability
may be ascribed to the triple-
helical hydrogen bonding in the
solid-state structure. The
PXRD patterns recorded for
solid samples of 1c and 3 at
room temperature closely re-
semble the simulated patterns
(based on the single-crystal
data), suggesting good thermal
stability of the crystal lattice.
Moreover, the structural frame-
work of 1c remains unchanged
following the loss of water, fur-
ther corroborating its robust
nature. The TGA and PXRD
results clearly indicate that the
triple-hydrogen-bonding motif
in 3 enhances the thermal sta-
bility of this compound com-
pared to the 3D coordination
polymers (1a–c).


Solid-state emission spectra :
L1, L2’, and their respective
complexes are all luminescent
in the solid state, and their
emission spectra measured
from solid samples are shown
in Figure 4. Upon photoexcita-
tion at 300–350 nm, L1 shows
an emission with a maximum at
around 467 nm at room temper-
ature, whereas 1b–d each dis-
play a broad and low-energy
emission at about 513, 511, and
505 nm, respectively, with in


each case a high-energy shoulder in the region 435–465 nm.
Given that there is a significant red shift on going from L1
to 1b–d, the low-energy emissions in the region 505–513 nm
are unlikely to originate purely from L1 itself (intraligand
transition, IL). With reference to our previous study,[10,11c]


this low-energy emission could be tentatively assigned to a
metal-to-ligand charge-transfer (MLCT) transition, possibly
mixed with an IL transition. In fact, these low-energy emis-
sions in the region 505–513 nm for 1b–d also suggest that
the anions do not have any significant effect on the emission
properties. The high-energy emissions are quite similar to
that of L1, and they are most likely due to an IL transition.


Figure 1. a) Molecular structure of 1c as an ORTEP representation showing 50% probability ellipsoids, and
b) space-filling model of two frameworks mutually interpenetrated to give 3D porous and zigzag channels.
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The emission for 2 is centered at about 460 nm, and an IL
origin is thus suggested due to an almost exact overlap with
that of L1 (Figure 4a).


Solid samples of L2’ show a high-energy emission with a
maximum at about 428 nm upon photoexcitation at 300–
350 nm at room temperature, and 3 displays a low-energy
emission at around 512 nm (Figure 4b). Given that there is a
significant red shift on going from L2’ to 3, this low-energy
emission of 3 is most likely to have originated from an I-to-
CuI charge-transfer (ligand-to-ligand charge-transfer) transi-
tion, based on the strong s-donating strength of iodide, our
previous assignments for [ZnI2(L)]2 (L=N,N’-bis-4-methyl-
pyridyl oxalamide),[11a] and other reports.[14] Upon cooling to
77 K, the emission is red-shifted to about 536 nm, and this
unusual red shift is consistent with recent observations on
[CuX(2,3-dimethylpyrazine)] (X=Cl, Br, I) reported by
NSther et al., for which a similar LLCT assignment was
made.[15]


Anion-exchange studies : The anion-exchange properties of
1b were investigated by means of powder and single-crystal
X-ray diffraction analysis, elemental analysis, and infrared
absorption spectroscopy. The results showed that immersion
of crystals of 1b in a 0.01m aqueous solution of LiClO4 or
NH4PF6 for 12 h led to complete replacement of Cl� by
ClO4


� or PF6
�, respectively. The IR spectrum of 1c shows a


new and intense ClO4
� band in the region 1143–1088 cm�1,


and that of 1d shows a new and intense PF6
� band at


828 cm�1. Other peaks in the spectra remain virtually un-
changed, suggesting that the skeletal structure of the com-
plexes remains intact after the exchange process, as shown
in Figure 5. The peaks in the PXRD patterns of the ex-
changed complexes 1c and 1d are almost the same as in
that of 1b, indicating that the crystalline framework remains
unchanged. Elemental analyses of the exchanged samples
confirmed the compositions of 1c and 1d (see the Experi-
mental Section), thus further corroborating that complete


Figure 2. a) Molecular structure of 2 (A) containing a trigonal-bipyramidal ZnII ion with two trans terminal NO3
� anions as an ORTEP representation


showing 50% probability ellipsoids, b) molecular structure of 2 (B) containing a trigonal-bipyramidal ZnII ion coordinated by a trans NO3
� anion and a


water molecule as an ORTEP representation showing 50% probability ellipsoids, c) the hydrogen-bonded dimer of sheet structures 2 (A) and 2 (B), and
d) a 3D hydrogen-bonded framework of 2.
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anion exchange had taken place. Notably, anion exchange of
1b was found to be highly selective; only the substitution of
Cl� by ClO4


� or PF6
� was achieved, whereas attempted


anion exchange of Cl� with BPh4
� proved unsuccessful. This


demonstrates that the exchange process depends on the size
of the anion. The diameters of ClO4


�, PF6
�, and BPh4


� are
calculated to be approximately 3.8, 3.4, and 8.7 5, respec-
tively, and thus it would seem that the anion exchange is
closely related to the size of the cavities in 1b (ca. 7.5 5)
compared to the sizes of the various anions. Surprisingly, 1c
can be isolated from 1b in the presence of ClO4


� anions


through a novel single-crystal-
to-single-crystal exchange pro-
cess. Its molecular structure was
also determined by single-crys-
tal X-ray diffraction analysis,
and the results suggest that the
structural framework of 1b is
quite robust.


Conclusion


Ligands L1 and L2’ belonging
to an interesting family of tri-
pyridyltriamides with C3-sym-
metry have been utilized to co-
ordinate CdII, ZnII, and CuI ions
in a tridentate bridging manner,
leading to the formation of 3D
porous or hydrogen-bonded
frameworks, respectively.
Through a novel single-crystal-
to-single-crystal anion-exchange
process, 1c can be isolated from
1b in the presence of ClO4


�


anions. Its 3D porous network
containing tripyridylamide moi-
eties as functional units in the
pores and zigzag channels of di-
ameter around 7.5 5 is isostruc-
tural with those of 1a and 1b.
This anion-exchange process is
highly selective and only the
substitution of Cl� by ClO4


�


and PF6
� could be realized; at-


tempted substitution by BPh4
�


did not occur. This demon-
strates that the exchange pro-
cess depends on the size of the
anion in relation to the size of
the cavities in the host material.
Additionally, the anion-ex-
change properties of 1b have
also been investigated by
means of powder X-ray diffrac-
tion analysis, elemental analysis,


and infrared absorption spectroscopy. Structurally, 2 forms a
2D coordination network with five-coordinate ZnII ions. Sur-
prisingly, different trigonal-bipyramidal ZnII ions propagate
in the respective sheet structures, which are packed in an A-
B-A-B manner in the crystal lattice, and these layers are hy-
drogen-bonded to give a 3D extended framework. The mo-
lecular structure of 3 shows that the CuI ion adopts a distort-
ed tetrahedral geometry, and such a connection mode in
combination with tridentate bridging L2’ ligands makes 3 a
regular 2D coordination network. Significantly, this 2D coor-
dination network is further assembled into a remarkable 3D


Figure 3. a) Molecular structure of 3 as an ORTEP representation showing 50% probability ellipsoids, b) the
2D coordination network, and c) triple hydrogen-bonding and p···p interactions within a 3D hydrogen-bonded
framework.
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homochiral framework through triple hydrogen bonding and
p···p interactions. To examine their thermal stabilities, 1c
and 3 were subjected to TGA and PXRD analysis. Both the
3D coordination polymer and hydrogen-bonded framework
showed thermal stability at up to 320–330 8C. This thermal
stability may be ascribed to the contribution of the triple-
helical hydrogen bonds.


These 3D coordination polymer and hydrogen-bonded
frameworks are all luminescent in the solid state. 1b–d dis-
play low-energy and broad emissions at around 505–513 nm,


and with reference to our previous study, this low-energy
emission could be tentatively assigned to an MLCT transi-
tion, possibly mixed with an IL transition. The emission of 2
is centered at about 460 nm, an IL origin for which is sug-
gested by an almost exact overlap with that of L1. Given
that there is a significant red shift on going from L2’ to 3,
the low-energy emission of 3 at around 512 nm is most
likely to originate from an I-to-CuI charge-transfer transi-
tion, based on the strong s-donating strength of iodide and
previous reports.[11a,14,15]
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Introduction


The selective and sensitive recognition of saccharides is of
infinite importance, not only for medical diagnostics and in-
dustrial processes, but also for the food industry. Saccharides
play a key role in many biochemical series of events, such as
the energy balance of organisms, intercellular communica-
tion, and cellular and molecular targeting.[1] The develop-
ment of a fast and efficient detection methodology would
allow an immediate perception of alterations caused by dis-
ease or medical treatment in the metabolism of organisms.
In addition, an effective detection methodology would aid
the monitoring of industrial processes, such as fermentation.
However, saccharides are an extremely challenging class of


compound for selective detection because they are structur-
ally relatively similar, but still have small yet significant dif-
ferences in their stereochemistry and configuration.[2,3]


At the level of small configurational differences in sugars,
separation methods based on molecular recognition have
been explored as a solution to their analytical separation.[4]


Over the past decade, resorcinarene structures have turned
out to be a versatile basis for molecular recognition.[5] Vari-
ous resorcinarenes have reportedly formed noncovalent and
mainly hydrogen-bonded complexes, especially with small
polar organic molecules containing nitrogen or oxygen
atoms.[6–8]


The saccharide and alkyl glycoside complexation of
upper-rim unsubstituted resorcinarenes were earlier studied
by Aoyama et al.[9,10] They detected sugar complexes mainly
from apolar organic solutions by using circular dichroism
(CD) and 1H NMR spectroscopic techniques. In their stud-
ies, the extraction of ribose from a polar protic solvent into
an apolar aprotic solvent was even reported. According to
their observations, unsubstituted resorcinarenes are promis-
ing hosts for sugar complexation, and this complexation is
mainly based on hydrogen-bonding interactions between the
HO sphere of the resorcinarene and the OH groups of the
sugars.
Herein, we report a mass-spectrometric study of resorci-


narene–sugar complexation. Our goal was to clarify the ef-


Abstract: The noncovalent complexa-
tion of tetraethyl and tetraphenyl
ACHTUNGTRENNUNGresorcinarenes with mono-, di-, and oli-
gosaccharides was studied with nega-
tive-polarization electrospray ioniza-
tion quadrupole ion trap and electro-
spray ionization Fourier-transform ion
cyclotron resonance mass-spectromet-
ric analysis. The saccharides formed 1:1
complexes with deprotonated resorci-
narenes, which exhibited clear size and
structure selectivity in their complexa-


tion. In the case of the monosacchar-
ides, hexoses formed much more abun-
dant and kinetically stable complexes
than pentoses or deoxyhexoses. A com-
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fects of the configuration of the sugar ring and the size of
the sugar. The experimental work was mainly conducted
with electrospray ionization quadrupole ion trap (ESI-QIT)
and electrospray ionization Fourier-transform ion cyclotron
resonance (ESI-FTICR) mass spectrometry. The experimen-
tal observations were supported by theoretical ab initio cal-
culations. A crystallization experiment from a 1:1 mixture of
ethyl resorcinarene (1) and cellobiose (Glc2) from alcohol–
water mixtures was performed to obtain crystalline saccha-
ride–resorcinarene complexes. Surprisingly, only the guest
cellobiose crystallized, thus its X-ray structure was obtained.
In addition, we were interested in exploring the complexa-
tion of di- and oligosaccharides, which has not been a sub-


ject of earlier research. Depro-
tonated tetraethyl and tetra-
phenyl resorcinarenes were
used as potential sugar recep-
tors. Tetraethyl resorcinarene
(1) adopts a crown (C4v) confor-
mation, which is stabilized by
intramolecular hydrogen bond-
ing. However, tetraphenyl re-
sorcinarene (2) reportedly
adopts either the crown (C4v) or


boat (C2v) conformation. The ratio C4v/C2v varies mainly ac-
cording to reaction time, and longer reaction times favor the
formation of a C4v product.


[11] Herein, we were interested in
studying the effect of the conformation of resorcinarene on
its complexation behavior.
It has been shown that the deprotonation of resorcinarene


facilitates the complexation process as a result of a more
electron-rich and less hydrophopic cavity, which could lead
to better sugar–host CH–p interactions.[12] Therefore, the
ability of deprotonated resorcinarenes to complex six differ-
ent monosaccharides, one disaccharide, and four oligosac-
charides (Scheme 1) was studied. Initially, it was our inten-
tion to also study tetraethyl pyrogallarene, but the deproto-
nation of pyrogallarane proved so difficult that this goal had
to be reconsidered. In fact, despite numerous attempts in
different solution and experimental environments, the pyro-
gallarane did not produce any peaks for the negative polari-
zation. Even the addition of numerous strong bases was not
able to deprotonate the pyrogallarane unit. This outcome is
most likely to be the result of a presumably strong intramo-
lecular hydrogen-bonding system formed by the 12 hydroxy
groups at the upper rim of the pyrogallarene, which, in fact,
is a rather interesting issue.
Our intention was to survey several aspects of the struc-


tural properties of saccharides and their effect on the com-
plexation process. The selection of the monosaccharides
consisted of three groups of saccharides: pentoses (xylose
(Xyl), ribose (Rib)), deoxyhexoses (fucose (Fuc), quinovose
(Qui)), and hexoses (galactose (Gal), mannose (Man), glu-
cose (Glu)). In the case of the di- and oligosaccharides, cel-
losaccharides of increasing length were included (cellobiose
(Glc2), cellotriose (Glc3), cellotetraose (Glc4), cellopentaose
(Glc5), cellohexaose (Glc6)).


The development of mass spectrometers over recent de-
cades now allows routine the sensitive and nondestructive
detection of fragile noncovalent complexes. Therefore, mass
spectrometry has become a valuable tool for the characteri-
zation of positively charged supramolecular assemblies.
However, negative-ionization mass spectrometry has not
been used to study noncovalent complexation, although in
many cases the experiments would be well suited for nega-
tive polarization and the results obtained would create a
clearer vision of the interactions involved. Therefore, we
were interested in investigating the special characteristics of
the negative-mode mass-spectrometric analysis of noncova-
lent supramolecular complexes.


Results and Discussion


Complex formation with monosaccharides : The spectra re-
corded from samples containing resorcinarenes 1 or 2 and a
single monosaccharide were measured by using both ESI-
QIT and ESI-FTICR. There were no significant differences
in the appearance of the spectra between these two instru-
ments. In most of the spectra, the peak corresponding to the
deprotonated resorcinarene [M�H]� was observed as the
most abundant peak (Figure 1). In addition, the resorcinar-
enes formed deprotonated ions that corresponded with
[M�2H]2� and [2M�H]� . The singly charged complexes
with monosaccharides [M�H+monosaccharide]� were ob-


Scheme 1. The mono-, di-, and oligosaccharides studied.
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served with every monosaccharide, although the absolute in-
tensities of the ions corresponding to complexes varied per
monosaccharide. Clearly, the most abundant complexes
were formed with hexoses and the intensity of the peaks
was lowest with pentoses.
Furthermore, a peak corresponding to [M�2H+monosac-


charide+Na]� was generally observed (Figure 1). This ion is
most likely the result of a replacement of a �OH hydrogen
atom of the resorcinarene with a sodium cation. A cross-
check by using positive polarization also showed an abun-
dant formation of sodium adducts [monosaccharide+Na]+


and [M+Na+monosaccharide]+ . Occasionally, a concentra-
tion-dependent clustering of monosaccharides, such as [2I
monosaccharide�H]� , was also observed. Most likely, this
behavior does not have a specific nature, but since no fur-
ther investigations were made on that issue, the nature of
these ions remains uncertain.
In the case of monosaccharides, there were no signs of an


association with resorcinarene dimers or the formation of
complexes that consisted of several monosaccharides and re-
sorcinarene, although the observation of such complexes
have been previously reported.[10]


The relative affinity of resorcinarenes towards saccharides
was studied in a bilaterally competitive environment. In
these experiments, each sample contained 1:3:3 of each re-
sorcinarene and two competitive monosaccharides. In the
case of di- and oligosaccharides, a host/guest1/guest2 ratio of
1:1:1 was used to decrease sugar clustering. An ESI-QIT in-
strument was used to record the competition experiments.


The monosaccharide competition experiments of resorcin-
arene 1 were mainly performed against Fuc, and all the
studied monosaccharides were included in the experiments.
Additionally, a competition experiment was also performed
between Qui and Glu to achieve a comparison between Fuc
and Qui. The results from the competitive complexation ex-
periments for 1 and monosaccharides are presented in
Figure 2.


The results clearly confirm earlier observations: the ion
abundances of the complexes of hexoses with resorcinarene
1 are higher relative to the pentoses and deoxyhexoses.
Among the hexoses, Gal seems to form a slightly less abun-
dant complex than Glu and Man. Moreover, Fuc forms a
slightly more abundant complex than Qui. Overall, the af-
finity of resorcinarene 1 can be given in the following de-
creasing order: Glu�Man>Gal@Fuc>Rib�Xyl. Whether
the complexation efficiency of Qui is higher than the effi-
ciency of pentoses cannot be concluded from these results.
The monosaccharide competition experiments in the pres-


ence of resorcinarene 2 were performed only with the pairs
Glu/Fuc, Xyl/Fuc, and Glu/Qui (Figure 3). Similarly, as with
resorcinarene 1, the affinity of resorcinarene 2 decreases in
the order: Glu@Fuc�Xyl.


Complex formation with di- and oligosaccharides : It was
also observed that all of the di- and oligosaccharides com-


Figure 1. ESI-FTICR spectra measured from samples containing a) 1 and
Glu and b) 1 and Fuc in ratios of 1:5 in MeOH


Figure 2. Relative intensities (%) of monosaccharide complexes ([1+ sac-
charide�H]�/[1+saccharide�H]�+ [1+Fuc�H]�) and the relative inten-
sities (%) of Glu and Qui (upper right).


Figure 3. Monosaccharide competitions in the presence of 2. The relative
intensities (%) are presented.
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plex with both resorcinarenes. According to the spectra, the
most abundant ions were formed from the complexes with
cellobiose and -triose. In the spectra of a sample with a
host/guest ratio of 1:5, more intense peaks corresponding to
saccharide clusters were observed relative to the monosac-
charides. Therefore, a resorcinarene/saccharide ratio of 1:1
was used in further measurements of the di- and oligosac-
charide complexes. The peaks that corresponded to the de-
protonated di- and oligosaccharides were also much more
intense relative to the monosaccharides. Occasionally,
doubly charged complexes, such as [2M+ saccharide�2H]2�,
[M+2Isaccharide�2H]2�, and [M+ saccharide�2H]2�,
were also observed, but the intensity was relatively low. It
might be possible, though, for di- and oligosaccharides to
form multiply charged complexes with the resorcinarene
dimer as a result of better stabilization of the multiple
charges.
Competitive complexation experiments were performed


for di- and oligosaccharides in the presence of resorcinar-
enes (Figure 4). Our interest was mainly focused on the pos-


sible complexation size selectivity of resorcinarenes and the
difference in size selectivity between the two resorcinarenes.
As a result of high (or big) mass differences between the di-
and oligosaccharides, the competition experiments were per-
formed bilaterally by using the competition pairs Glu/Glc2,
Glc2/Glc3, Glc3/Glc4, Glc4/Glc5, and Glc5/Glc6. For each com-
petition pair, the experimental parameters were optimized
for the lower-mass complex, which might, therefore, be
slightly overestimated. Resorcinarene 1 exhibited size selec-
tivity towards Glc3, and the size selectivity of resorcinarene
1 is Glu<Glc2<Glc3>Glc4>Glc5>Glc6.
A similar size-selectivity order is observed for resorcinar-


ene 2 (Figure 5). According to earlier studies, the differen-
ces in resorcinarene conformation also induce clear differen-
ces in their complexation behavior. It was observed that


boat conformers prefer to complex with elongated ammoni-
um ions, whereas the crown conformers prefer small and
branched ammonium ions.[13] Herein, resorcinarenes 1 and 2
did not show any difference in their complexation of di- and
oligosaccharides. Therefore, it seems rather clear that in
these experiments both the resorcinarenes have adopted a
similar conformation, despite the earlier assumption.


Theoretical calculations and X-ray structure studies of cello-
biose : The complex formation with large oligosaccharides,
such as cellopentaose and cellohexaose, was a rather surpris-
ing observation. Although, other complexes of resorcinarene
have previously been modeled,[14] to the best of our knowl-
edge complexes with sugars have not been reported, and so
we were constrained to looking more closely at the confor-
mation of the oligosaccharides by using theoretical calcula-
tions. In the first stage, the structures of Glu, Glc2, Glc3,
Glc4, and Glc5 were optimized (Figure 6).


The conformations presented in Figure 6 were obtained at
the BP86/SVP level of theory. The lowest-energy form of
glucose possessed a six-membered ring (chair conformation)
and a counter-clockwise network of intramolecular hydro-
gen bonds. The lowest-energy conformation of cellobiose
was compared to its X-ray crystal structure (Figure 7). At-
tempts to crystallize 1 with excess cellobiose from a PrOH/
H2O mixture did not make the complex visible in the gas
state. The difference in solubility of the components,
namely, 1 is not soluble in water and cellobiose is only solu-
ble in water, is the probable cause of the negative result.
However, to our surprise, the cellobiose itself formed a crys-
tal under these conditions that was of sufficient quality for
X-ray diffraction studies. The structure of the cellobiose in
its solid state differs from the modeling in the configuration
of the bridge-head methine hydrogen atoms. In the crystals,


Figure 4. Di- and oligosaccharide competitions in the presence of 1. The
relative intensities (%) are presented.


Figure 5. Di- and oligosaccharide competitions in the presence of 2. The
relative intensities (%) are presented.


Figure 6. The lowest-energy conformations of saccharides: a) glucose
(Glu), b) cellobiose (Glc2), c) cellotriose (Glc3), d) cellotetraose (Glc4),
and e) cellopentaose (Glc5).
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they have a cis configuration (Figure 7) and result in a flat
overall structure (Figure 8a). The governing factor for the
flat cis configuration is the formation of fairly strong intra-


molecular hydrogen bonds between O(6) and O(12)
(Figure 7 and 8b) and O(6)-H···O(12) and O(6)···O(12) with
distances of 1.951 and 2.768 M, respectively, and with an
O�H···O angle of 164.038.
The calculated energy of the crystal structure is close to


the optimized lowest-energy conformation of cellobiose.
However, the difference in these energies indicates that the
crystal structure differs from the theoretically calculated
structure of cellobiose. The full geometry optimized struc-
ture of cellobiose is not as linear as the geometry in the
crystal structure because of the different position of the
ACHTUNGTRENNUNGhydroxymethyl groups.[15] Furthermore, a clear curvature of
the saccharide skeleton is evident as the number of glucose
residues exceeds two (the oligosaccharides larger than
Glc2).


[16] The curvature of the oligosaccharide skeleton de-
creases the length of the saccharide to 10–12 M (Figure 6),
which corresponds to the diameter of the upper rim of the
resorcinarenes (�10 M), as approximated from the opti-
mized structure of 1.
In the next stage, the complexes of 1 with glucose, cello-


biose, and cellotriose were optimized by using the density
functions BP86 and B3LYP, both with a SVP basis set. The
lowest-energy conformations of the host–guest complexes
are presented in Figure 9. Optimized structures 1a and 1b
are the two most stable geometries for the complex formed
with glucose. The calculated total energy difference between
those two cases is only 20 kJmol�1 (Table 1). Still, the differ-


ences in the position of glucose are obvious. In 1a, the glu-
cose molecule lies on the top of the upper rim of the resorci-
narene and the hydroxymethyl group points towards the
middle of the cavity. Furthermore, a conformational change
occurs and the crown conformation of the resorcinarene is
slightly flattened and the cavity becomes more oval. This
result is most likely because of a repulsion between the hy-
droxymethyl oxygen atom of the glucose and the aromatic
rings of the resorcinarene. In 1b, the glucose molecule is sit-
uated on one side of the cavity and is lifted so that the hy-
droxymethyl group is positioned along the edge of the
upper rim of the resorcinarene. This position allows the for-
mation of two ACHTUNGTRENNUNGhydrogen bonds. Even though there are three
hydrogen bonds in 1a and only two in 1b, the interaction
energy of 1b is 20 kJmol�1 lower than the interaction
energy in 1a. Probably, the repulsion interaction in geome-
try 1a is the main reason for its decreased interaction
energy, as calculated by the density-functional method. In
addition to hydrogen bonding such interactions as van der


Figure 7. A plot of cellobiose with atom labels. The thermal displacement
parameters are shown at a 50% probability level.


Figure 8. The CPK presentations of cellobiose: a) side and b) top views.


Figure 9. The optimized structures for host–guest complexes of 1 calculat-
ed by using the BP86/SVP method: 1a and 1b with Glu, 2a with Glc2,
and 3a and 3b with Glc3.
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Waals and CH�p interactions should be taken into account.
Therefore, the MP2 energies were calculated from BP86 op-
timized structures. The MP2 method is computationally very
demanding, but it takes more noncovalent interactions into
consideration. Therefore, it was not surprising that accord-
ing to the MP2 method the interactions between host and
guest molecules are stronger than those calculated by the
density-functional method. It is noteworthy that there was
no difference between the interaction energies of 1a and
1b, as calculated by using the MP2 method. The interaction
energies of the host–guest complexes calculated by using
BP86/SVP, B3LYP/SVP and MP2/TZVP are summarized in
Table 1.
In Figure 9, 2a represents the lowest-energy geometry for


the cellobiose complex of resorcinarene 1. The calculated in-
teraction energy of 2a was lower than that of glucose com-
plexes 1a and 1b. In other words, the biose formed a much
more stable complex than glucose as a result of the stronger
interaction between the host and guest molecules. This
result is in agreement with the experimental results obtained
from the competition experiments. Visualization of the full
geometry optimized structure (Figure 9; 2a) provides insight
into the increased stability of the complex formed between
the biose and 1. Cellobiose is situated in the middle of the
resorcinarene and almost completely covers the cavity of
the resorcinarene. In addition, the geometry and position of
cellobiose enables it to interact with almost the entire upper
rim of the resorcinarene. There are four evident hydrogen
bonds between the resorcinarene and cellobiose. These hy-
drogen bonds bind the cellobiose to resorcinarene from
both sides of the upper rim. The hydrogen bonds between
the cellobiose and resorcinarene are not more than 1.8 M.
The final objective of the theoretical study was to investi-


gate the interactions between cellotriose and 1. In Figure 9,
the most stable structures for a cellotriose complex of 1 are
presented. The position of the saccharide unit differs signifi-
cantly in the two investigated cases of 3a and 3b. In 3a, the
cellotriose lies in the middle of the resorcinarene and one


hydroxymethyl group dives into the middle of the cavity.
Three hydrogen bonds are formed between 1 and cello-
triose, and their lengths varied between 1.7 and 1.9 M. How-
ever, in structure 3b, the triose bends to follow the edge of
the upper rim of the resorcinarene and all the hydroxymeth-
yl groups point upwards. That arrangement enables the
triose to form four hydrogen bonds with the host: two for
both ends with lengths from 1.8 to 2.0 M. As in the case of
the glucose complexes (i.e., 1a and 1b), the BP86 and
B3LYP interaction energies of 3a are slightly weaker when
the �CH2OH group is almost inside the cavity. The number
of hydrogen bonds formed supports the results obtained
from density-functional calculations. According to the MP2
method, the interactions in the triose complexes are stron-
ger, as observed earlier for glucose and biose, but surprising-
ly 3a seemed to be the favorable configuration. Obviously,
the DFT and MP2 theories describe the interactions in-
volved in the complexes in a slightly different way. In con-
text with the experimental results, however, the MP2 theory
seems to better describe the complexes under investigation
herein. Still, independently from the theory used, the results
obtained by theoretical calculations predict that the com-
plexation of biose and triose is more favorable than the
complexation of the monosaccharides, which is in agreement
with the experimental work of this study.


Kinetic stability of the complexes: Energy-resolved collision
induced dissociation (CID) experiments were performed on
an ESI-FTICR mass spectrometer. These experiments allow
the comparison of the relative kinetic stabilities of the com-
plexes to be carried out. To begin with, dissociation routes
of deprotonated resorcinarenes were defined to facilitate
the interpretation of the CID spectra. For this purpose, an
ESI-QIT instrument and multiple-stage mass spectrometry
(MSn) experiments of the fragment ions were used. Mass ac-
curacy, determined for each fragment ion by using ESI-
FTICR equipment, varied from 0.3 to 11 ppm.
Deprotonated 1 dissociated by repeatedly losing neutral


molecules of 110, 150, and 190 Da (Scheme 2), which corre-
spond to resorcinol and resorcinol with one or two propyl-


ene chains. In addition, the elimination of water from frag-
ment ions at m/z 339 and 299 was weakly observed. The
fragment ions formed are highly conjugated, which naturally
increases their stability. In the case of resorcinarene 2, disso-
ciation to similar conjugated structures is not possible as a
result of phenyl substituents at the lower rim. Therefore, de-


Table 1. Calculated total and interaction energies of the complexes of 1
formed with glucose, cellobiose, and cellotriose obtained by using BP86/
SVP, B3LYP/SVP, and MP2/TZVP levels of theory.


Complex Method Total energy [a.u.] DE[a] [kJmol�1]


1a 1+Glu BP86/SVP �2683.1728 �63
1a 1+Glu B3LYP/SVP �2681.4744 �68
1a 1+Glu MP2/TZVP �2678.4961 �121
1b 1+Glu BP86/SVP �2683.1809 �84
1b 1+Glu B3LYP/SVP �2681.4801 �83
1b 1+Glu MP2/TZVP �2678.4955 �119
2a 1+Glc2 BP86/SVP �3293.5388 �109
2a 1+Glc2 B3LYP/SVP �3291.4783 �115
2a 1+Glc2 MP2/TZVP �3287.9057 �158
3a 1+Glc3 BP86/SVP �3903.8740 �73
3a 1+Glc3 B3LYP/SVP �3901.4541 �87
3a 1+Glc3 MP2/TZVP �3897.3043 �165
3b 1+Glc3 BP86/SVP �3903.8822 �95
3b 1+Glc3 B3LYP/SVP �3901.4585 �98
3b 1+Glc3 MP2/TZVP �3897.2859 �117


[a] Interaction energies.


Scheme 2. Dissociation of resorcinarene 1.
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protonated 2 dissociated through a series of eliminations of
resorcinols and water; furthermore, the formation of kinolic
fragment ions was mainly observed. The complexes of 1
formed with monosaccharides dissociated and produced de-
protonated resorcinarene, which further dissociated to its
fragment ions (Figure 10). Deprotonated monosaccharides


were not observed in any of the CID spectra, thus implying
that the complexes are indeed formed from deprotonated
resorcinarenes and neutral monosaccharides.
The dissociation of the complexes was followed as a func-


tion of energy and the Ecom
0.5 values were calculated by


using the dissociation curves. The complexes dissociated
with relatively low energy values, thus implying that the
complexes have low kinetic stabilities. According to the dis-
sociation curves and Ecom


0.5 values (Table 2), the most stable
monosaccharide complexes were formed with hexoses. The
differences in stability were small for the pentoses and deox-
yhexoses; therefore, the increasing order of stability for
monosaccharide complexes can be written as Fuc�Rib�
Qui�Xyl<Glu�Gal<Man. Accordingly, kinetic stability


increases in the same order as the increase in the affinity of
1 towards monosaccharides.
Similar behavior was also observed with di- and oligosac-


charides: the most stable complexes were formed with Glc2
and Glc3, which formed the most abundant complexes with
1 in the competition experiments and had the highest inter-
action energies according to the theoretical calculations. Ac-
cording to these results, the stability follows the order:
Glu!Glc2>Glc3@Glc4>Glc5>Glc6.


Conclusion


According to this study, deprotonated resorcinarenes 1 and
2 readily form noncovalent 1:1 complexes with neutral sac-
charides. In addition, these resorcinarenes exhibit a clear
structure and size selectivity towards the saccharides. Both
the thermodynamic and kinetic stabilities seem to increase
with hexoses. This behavior results most likely from a maxi-
mum of three hydrogen bonds formed between the hexose
and resorcinarene.
According to a comparison of di- and oligosaccharides, it


seems that the complexation of biose and triose is the most
beneficial and is even more favorable than the binding of a
monosaccharide as a result of a maximum of four hydrogen
bonds between the host and saccharide. As the sugar chain
is increased, the resorcinarene affinity towards saccharides
decreases, although the complexation still occurs. It was, un-
questionably, a surprise for us that the complexation of such
large sugars (i.e., cellohexaose) was observed, but this be-
havior was rationalized by theoretical calculations that
showed the formation of a curved conformation of the
larger sugars suitable for interaction with resorcinarenes.
The results partially contradict previously reported obser-


vations,[9] although it must be pointed out that the selection
of the saccharides, and the methodology used, was quite dif-
ferent in the previous reports relative to the experimental
setup presented herein. For these reasons, we will continue
our studies of the resorcinarene/saccharide complexes and
hopefully will obtain greater insight into the specific interac-
tions involved in these complexes.
The theoretical optimizations of the complexes provided


indispensable insight into the complex geometries and inter-
actions involved. Although it was discovered that there are
certain marked differences in the levels of theories used: the
DFT theory is adequate for describing the geometries of the
complexes, but the MP2 theory is preferable for describing
the noncovalent interactions involved in the complexes of
interest to us. However, MP2 is a rather resource-demand-
ing theory. Therefore, it is reasonable to perform the geome-
try optimizations by using DFT methods.
As shown herein, negative-ion mass-spectrometric analy-


sis seems to be well suited to the analysis of noncovalent
complexes. During the experimental studies, we did not en-
counter any setbacks. Depending on the investigation and
the chemical nature of the supramolecular interacting spe-
cies, negative-mode mass-spectrometric analysis can, on


Figure 10. CID of [1+Glu�H]� complex.


Table 2. Calculated Ecom
0.5 values and the correlation R2 of the dissocia-


tion curves.


Complex Ecom
0.5 [eV] R2


ACHTUNGTRENNUNG[1+Rib�H]� 0.87 0.990
ACHTUNGTRENNUNG[1+Xyl�H]� 0.98 0.993
ACHTUNGTRENNUNG[1+Fuc�H]� 0.85 0.991
ACHTUNGTRENNUNG[1+Qui�H]� 0.91 0.985
ACHTUNGTRENNUNG[1+Gal�H]� 1.35 0.996
ACHTUNGTRENNUNG[1+Man�H]� 1.60 0.995
ACHTUNGTRENNUNG[1+Glu�H]� 1.29 0.996
ACHTUNGTRENNUNG[1+Glc2�H]� 2.42 0.993
ACHTUNGTRENNUNG[1+Glc3�H]� 2.20 0.994
ACHTUNGTRENNUNG[1+Glc4�H]� 1.63 0.986
ACHTUNGTRENNUNG[1+Glc5�H]� 1.12 0.987
ACHTUNGTRENNUNG[1+Glc6�H]� 1.14 0.996
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many occasions, produce clean spectra and pure interactions,
so its use is highly recommended.


Experimental Section


Materials : The synthesis, X-ray structure studies, and characterization of
resorcinarene 1 have been reported previously.[17, 18] Resorcinarene 2 was
prepared according to earlier reported procedures.[14, 19] Resorcinarene 1
was dissolved in methanol and resorcinarene 2 in dimethyl sulfoxide
(DMSO). The final samples were prepared in methanol with a resorcinar-
ene concentration of 4.0 mm. The saccharides were commercially avail-
able. All the monosaccharides were dissolved in methanol. Di- and oligo-
saccharides were dissolved in H2O. Molar ratios of 1:1, 1:3, or 1:5 resorcin-
arene/saccharide were used.


Mass spectrometry : Two separate mass spectrometers were used in this
study. The experimental details related to the MS experiments are pre-
sented in the Supporting Information. The competition experiments were
performed on a Bruker Esquire 3000 plus QIT mass spectrometer
(Bruker Daltonik, Bremen Germany) equipped with an ESI source. Each
spectrum was an average of spectra collected within 1 min, each of these
containing 24 individual scans that were averaged before being sent from
the instrument to data system. The mass spectra were externally calibrat-
ed with an ES tuning mix (Hewlett Packard, Palo Alto, CA). The compe-
tition experiments between the monosaccharides were performed with a
resorcinarene/guest1/guest2 ratio of 1:3:3. In the case of the oligosacchar-
ides and disaccharide, a 1:1:1 ratio was used. The competitions were car-
ried out between just two guests at a time to avoid nonspecific complexa-
tion, which could arise with a greater number of charged species in solu-
tion. Each experiment was carried out on five different samples and each
sample was measured five times. The overall variance was calculated
from the standard deviation of sampling and the standard deviation of
the measurement (stot


2 s1
2+ s2


2). Measurements or samples were rejected
if the average deviation of a suspect value from the mean was four or
more times the average deviation of the retained values. The energy-re-
solved CID experiments were performed with a BioApex 47e Fourier
transform ion cyclotron resonance mass spectrometer equipped with an
Infinity cell, a passively shielded 4.7-tesla 160-mm bore superconducting
magnet, and an external Apollo electrospray ionization source (Bruker
Daltonics, Billerica, MA, USA). In collision-induced dissociation (CID)
experiments, precursor ions were isolated twice to achieve a clean isola-
tion by using the correlated harmonic excitation fields (CHEF) proce-
dure.[20] Isolated ions were thermalized during a 3.0-s delay, translational-
ly activated by an on-resonance radio frequency (RF) pulse, and allowed
to collide with a pulsed argon background gas. Each spectrum was a col-
lection of 16 scans. Comparable conditions were maintained by keeping
the parameters of the pulse program constant.


Computational details : Geometry optimizations of saccharides were car-
ried out with density functional BP86 and hybrid density functional
B3LYP. The geometries and relative energies for equilibrium structures
obtained with the DFT methods, at low computational expense, have
often been in good agreement with experimental values. Herein, the
complexation of tetraethyl resorcinarene with different saccharides was
investigated by using both the BP86 and B3LYP functionals. Density-
functional methods have been shown to be a highly viable method for
most organic molecules and large systems consisting of main-group ele-
ments. The Karlsruhe split-valence basis set with polarization functions
(SVP)[21] was applied to both the DFT methods. In addition to the opti-
mization, the single-point energies were calculated for saccharide com-
plexes of tetraethyl resorcinarene by using the Møller–Plesset (MP) per-
turbation theory. A second-order Møller–Plesset (MP2) perturbation
theory was used to improve the description of the electron correlation
and DFT interaction energies. The MP2 calculations were performed by
using the resolution of the identity (RI) technique as implemented in
TURBOMOLE.[22, 23] Single-point MP2 energies were calculated by a
triple-valence-zeta basis set with polarization functions (TZVP)[24] at the
BP86 optimized structures.


The geometry optimizations and energy calculations were performed
with the TURBOMOLE 5.9 Program Package[25] by using the efficient
resolution of the identity (RI) technique. The visualization of optimized
structures was performed with GausView3.0.[26]


X-ray analysis :[27] Colorless crystals of cellobiose were selected, and anal-
ysis was performed by using a Bruker Kappa Apex II diffractometer with
graphite-monochromatized MoKa (l=0.71073 M) radiation. Collect soft-
ware[28] was used for the data measurement and DENZO-SMN[29] for the
processing. The structures were solved by direct methods with SIR97[30]


and refined by full-matrix least-squares methods with the WinGX-soft-
ware,[31] which utilizes the SHELXL-97 module.[32] All C�H hydrogen po-
sitions were calculated using a riding atom model with UH=1.5IUO.
Crystal data for the cellobiose: Mr=342.30, colorless prism, 0.15I0.20I
0.20 mm3, monoclinic, space group P21, a=5.0633(2), b=13.0170(5), c=


10.9499(4) M, b=90.811(2)8, V=721.62(2) M3, Z=2, 1cald=1.575 gcm
�3,


F000=364, m=0.141 mm�1, T=173.0(1) K, 2qmax=50.08, 2482 reflections,
2328 with Io>2s(Io), 217 parameters, 0 restraints, GoF=1.049, R1=
0.0391, wR2=0.0841 (all reflections), 0.322<Dr<�0.199 eM�3.
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Introduction


The commonly invoked mechanisms for transition-metal-
mediated C�H bond activation include oxidative addition/
reductive elimination (OA/RE) and s-bond metathesis (s-


BM; Scheme 1). Although the latter is typical for d0 metals
and requires no intermediates, the former is inherently a
multistep reaction and is associated with a change of formal
oxidation states. Examples of OA/RE processes often in-
clude complexes of electron-rich, late transition metals.[1]


More recently, quite a few systems surfaced in which late-
transition-metal complexes were reported to bring about,
for example, isotope exchange without exhibiting the fea-
tures characteristic of an OA/RE reaction.[2] Therefore,
based on experimental data and computational studies, a
mechanistic variant was suggested in which s complexes un-
dergo a metathesis process, and the term s-complex-assisted
metathesis (s-CAM) has been introduced to distinguish the
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Abstract: The degenerate ligand ex-
change in [M ACHTUNGTRENNUNG(CH3)]


+/CH4 couples
occurs in the gas phase at room tem-
perature for M=Ni, Ru, Rh, Pd, and
Pt, whereas the complexes containing
Fe and Co are unreactive. Details of
hydrogen-atom scrambling versus
direct ligand switch have been uncov-
ered by labeling experiments with CD4


and 13CH4, respectively. The reactivity
scale ranges from unreactive (M=Fe,
Co) or inefficient (M=Ni, Pd) to mod-
erately (M=Ru) and rather reactive
(M=Rh, Pt). Quite extensive, but not
complete, H/D exchange between the
hydrogen atoms of the incoming and
outgoing methyl groups is observed for
M=Pt, whereas for M=Ni and Pd a
predominantly direct ligand switch pre-
vails. DFT calculations performed at
the B3LYP level of theory account well
for the thermal nonreactivity of the Fe


and Co couples. For [Ni ACHTUNGTRENNUNG[CH3)]
+/CH4, a


s-complex-assisted metathesis (s-
CAM) is operative such that, in a two-
state reactivity (TSR) scenario, two
spin flips between the 3A ground and
1A excited states take place at the en-
trance and exit channels of the encoun-
ter complexes. For M=Ru and Rh,
only oxidative addition/reductive elimi-
nation (OA/RE) is favored energetical-
ly, and the reaction is confined to the
electronic ground states 3A and 2A. In
contrast, for the [Pd ACHTUNGTRENNUNG(CH3)]


+/CH4


system, on the 1A ground-state poten-
tial-energy surface both the OA/RE
and s-CAM variants are energetically
comparable, and the small reaction ef-


ficiency for the ligand switch is reflect-
ed in transition states located energeti-
cally close to the reactants. For the [M-
ACHTUNGTRENNUNG(CH3)]


+/CH4 complexes of the 5d ele-
ments, the s-CAM mechanism does
not play a role. For M=Pt, the ener-
getically most favored path proceeds in
a spin-conserving manner on the 1A
potential-energy surface, which ac-
counts for the extensive single and
double hydrogen-atom exchange pre-
ceding ligand exchange. Although for
M=Os and Ir the [M ACHTUNGTRENNUNG(CH3)]


+ com-
plexes could not be generated experi-
mentally, computational studies predict
that both systems may undergo thermal
reaction with CH4, and an OA/RE
mechanism will commence on the re-
spective high-spin ground states; how-
ever, the bond-activation and ligand-
exchange steps will occur on the excit-
ed low-spin surfaces in a TSR scenario.


Keywords: ligand exchange · meta-
thesis · methane · reaction mecha-
nisms · transition metals
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route 1!7!5 from a direct four-center s-BM rearrange-
ment proceeding through 6 (Scheme 1).
Although attempted distinctions of mechanistic variants


may be reminiscent of numerous, occasionally semantic, de-
bates about the role of concepts in chemistry or the nature
of chemical bonding,[3] technical distinctions seem to exist
and demarcation into categories can be useful provided one
does not forget that the “real” mechanism may well lie in a
continuum defined by the extremes of these classifica-
tions.[2,4]


A good example to underline the mechanistic manifold
operative in formally similar processes concerns the recently
reported thermal activation of methane by group 10 metal
hydrides [MH]+ [Eq. (1)].


Although the reactions of these diatomic [MH]+ ions with
methane have many features in common,[5] fundamental dif-
ferences exist with regard to the details of the potential-
energy surfaces (PESs) and thus to the actual reaction
mechanisms. As shown by Zhang and Bowers,[5c] the Ni-
mediated H/CH3 ligand exchange constitutes a textbook ex-
ample of the operation of “two-state reactivity” (TSR)[6] be-
cause crossings between the high-spin and low-spin surfaces
take place at both the entrance and exit channels of reac-
tion (1) (M=Ni). Thereby, a pathway is opened up that
avoids an energetically rather unfavorable transition struc-
ture associated with a spin-conserving s-metathesis process
on the high-spin ground-state surface. This TSR scenario is
favored by the relatively small energy separation
(<100 kJmol�1) of the two relevant spin states of NiH+ ,
that is, ground state 3D and excited 1�+ . In distinct contrast,
the [PdH]+/CH4 couple can be fully explained without in-
voking a multistate pattern. As the excited states of [PdH]+


(3D and 3Q ) are >320 kJmol�1 higher in energy than the
1�+ ground state, they are too high in energy to contribute
to a TSR scenario; instead, the whole reaction proceeds on
the singlet PES in a spin-conserving manner. However,
based on DFT calculations in reaction (1), both the OA/RE
and s-CAM mechanisms are indistinguishable energetical-
ly.[5f] Finally, for the [PtH]+/CH4 system, one encounters yet
another electronic and mechanistic situation. Here, the 1�+


and 3D states are practically isoenergetic[7] and, as spin–orbit
coupling for heavy elements is generally rather efficient,[8] a
multitude of both single- and multistate reactivity routes are
accessible in the course of the platinum-mediated H/CH3


ligand exchange. Obviously, for the three formally related
group 10 metal-hydride cations in their thermal reaction
with methane and with regard to the mechanistic details, it
is deemed appropriate to employ the phrase “the same and
not the same” coined by R. Hoffmann in a different con-
text.[9] Furthermore, based on theoretical considerations, a
continuum of mechanisms has also been suggested for the
condensed-phase reactions of methane with various organo-
metallic complexes including the transition metals Fe, Ru,
Rh, Pd, Os, Ir, and Pt.[4c,10]


Herein, we describe the degenerate ligand exchange of
seven late-transition-metal complexes with methane
[Eq. (2)] in the gas phase. To this end, [M ACHTUNGTRENNUNG(CH3)]


+ ions were
generated by different means (see Experimental Section),
mass-selected, and reacted at room temperature with CD4


and 13CH4. The experimental findings were compared with
DFT-based computational studies in the hope of revealing
the mechanisms operative in these thermoneutral ligand-ex-
change processes. Combined experimental/theoretical inves-
tigations of this type have been implicated and suggested as
appropriate models for probing qualitatively the mechanistic
aspects of the scenario depicted in Scheme 1.[2,4] Although
there have been numerous computational attempts to gener-
alize bond-activation mechanisms in terms of spin-state fea-
tures,[5a,f, 6, 7] a systematic approach for describing coherently
a set of related reactions, for example, degenerate ligand ex-
change processes, has not yet been reported [Eq. (2)].


Scheme 1. Mechanistic variants for transition-metal (ML)-mediated C�H bond activation of hydrocarbons RH: oxidative addition/reductive elimination
(OA/RE), s-bond metathesis (s-BM), and s-complex-assisted metathesis (s-CAM).
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Experimental and Computational Details


In the present gas-phase studies two different mass spec-
trometry-based techniques were employed.[11] In one set of
experiments a Spectrospin CMS 47X Fourier transform ion
cyclotron resonance (FTICR) mass spectrometer[12]


equipped with a Smalley-type[13] cluster-ion source[14] was
used. In brief, the beam of a pulsed Nd:YAG laser operating
at 1064 nm is focused on a rotating pure metal target to gen-
erate a hot metal plasma entrenched in helium to bring
about (partial) thermalization. After transfer of the thus-
produced ions to the ICR cell by means of a set of electro-
static potentials and lenses, the cationic species of interest
are mass-selected using the FERETS ion-ejection proto-
col,[15] collisionally thermalized, and reacted by pulsing-in a
mixture of methyl iodide and argon (1:2 ratio) to generate
[M ACHTUNGTRENNUNG(CH3)]


+ ions, according to Equation (3).


For M=Fe, Co, and Pt the formation of the cationic metal–
methyl complexes is exothermic[16] and does occur; for the
other transition-metal cations this route fails because the re-
action is either endothermic, hindered by a barrier or, as for
palladium, the transiently produced [Pd ACHTUNGTRENNUNG(CH3)]


+ cation un-
dergoes an extremely efficient secondary reaction with the
substrate [Eq. (4)][17]:


thus preventing the buildup of sufficiently large concentra-
tions of [Pd ACHTUNGTRENNUNG(CH3)]


+ for probing the ligand exchange accord-
ing to Equation (2).
For iridium, yet another problem was encountered. Al-


though atomic Ir+ reacts with CH3I upon expulsion of IC, the
resulting cationic product has the structure of an iridium hy-
dride carbene complex [Ir(H) ACHTUNGTRENNUNG(CH2)]


+ , as evidenced by colli-
sion-induced dissociation (CID) experiments and ion–mole-
cule reactions. Finally, for osmium all attempts so far have
failed to produce the required [OsACHTUNGTRENNUNG(CH3)]


+ ion.
For probing the ligand exchange, the mass-selected and


thermalized [M ACHTUNGTRENNUNG(CH3)]
+ ions were subjected to ion–molecule


reactions with leaked-in CD4 at stationary pressures of the
order of 10�8 mbar. The experimental second-order rate con-
stants k are evaluated on the basis of the pseudo-first-order
approximation with an absolute error of �30%;[18] ion-


gauge sensitivities[19] and calibration factors[18] were taken
into account. The reaction efficiencies frel are given relative
to the [Pt ACHTUNGTRENNUNG(CH3)]


+/CH4 system, which itself has an absolute
efficiency of 2% when expressed by the ratio of the bimo-
lecular rate constant k and the rate constant derived from
the average dipole orientation (ADO) approach.[18,20]


Except for Ir+ and Os+ , some of the [M ACHTUNGTRENNUNG(CH3)]
+ com-


plexes that could not be generated by reacting atomic M+


with CH3I in the FTICR experiments were produced by
ESIMS using a commercial VG BIO-Q mass spectrometer
with QHQ configuration (Q: quadrupole, H: hexapole)
equipped with an ESI source, as described in detail previ-
ously.[21] In brief, the [M ACHTUNGTRENNUNG(CH3)]


+ ions were formed from mil-
limolar solutions of metal halides in methanol or ethanol,
respectively, under relatively harsh ionization conditions
(typical cone voltages were around 70–100 V).[22] After mass
selection by Q1, the thermalized [M ACHTUNGTRENNUNG(CH3)]


+ ions (identified
by their characteristic isotope pattern and by CID experi-
ments) were exposed to react with CD4 or


13CH4 admitted
to the hexapole collision cell at room temperature and at
pressures on the order of 10�4 mbar; this pressure regime is
considered to correspond to nearly single-collision condi-
tions. Ionic products were analyzed by using Q2. The ion-re-
activity studies were performed at an interaction energy in
the hexapole nominally set to 0 eV.[5d,23] With these two
techniques, except for M=Os and Ir, all other group 8–10
transition-metal complexes [M ACHTUNGTRENNUNG(CH3)]


+ could be generated
and studied experimentally.[11]


In the computational exercise the geometries of all spe-
cies were optimized at the B3LYP level of theory,[24] as im-
plemented in the Gaussian 03 program package[25] using
basis sets of approximately triple-x quality. For H and
C atoms these were the triple-x plus polarization basis sets
(TZVP) of Ahlrichs and co-workers,[26] and for Fe, Co, and
Ni atoms the TZVP basis sets were augmented by f func-
tions as developed by Wachters.[27] For the transition metals
Ru, Rh, Pd, Os, Ir, and Pt, the Stuttgart–Dresden scalar rel-
ativistic pseudopotentials were employed in conjunction
with the corresponding basis sets.[28]


The nature of the stationary structures as minima or
saddle points was characterized by frequency analysis, and
intrinsic reaction coordinate (IRC) calculations were per-
formed to link transition structures with the intermediates
shown.[29] Relative energies (given in kJmol�1) are corrected
for unscaled zero-point vibrational energy contributions;
bond lengths are given in Sngstroms and angles in degrees.


Results and Discussion


We will proceed in three steps. First, the relative efficiencies
frel of the degenerate ligand exchange for the [M ACHTUNGTRENNUNG(CH3)]


+/
CH4 couples will be presented (Table 1); this is followed by
a discussion of the labeling experiments (Table 2). Finally,
the experimental findings will be contrasted and compared
with the outcome of the computational studies (Table 3, Fig-
ures 1, 2, and 3). In the latter, we will also include a brief
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analysis of the [Ir ACHTUNGTRENNUNG(CH3)]
+ and [Os ACHTUNGTRENNUNG(CH3)]


+ systems, although
they could not be investigated experimentally.
As shown in Table 1, the [M ACHTUNGTRENNUNG(CH3)]


+ ions of the third-row,
late-transition-metal cations Fe+ and Co+ do not undergo


thermal ligand exchange with methane, that is, their rate
constants must be <10�14 cm3molecule�1 s�1. For the [Ni-
ACHTUNGTRENNUNG(CH3)]


+/CH4 couple, however, the ligand switch occurs with
a relative efficiency that is rather small (frel=7%). These
observations are somehow analogous to the behavior of the
related [MH]+/CH4 systems [Eq. (1)], which also exhibit a
significantly higher reactivity for the nickel complex com-
pared to those containing iron and cobalt.[5c] In contrast to
the complexes of the 3d metal ions, the 4d analogues possess
higher reactivities for [Ru ACHTUNGTRENNUNG(CH3)]


+ and [Rh ACHTUNGTRENNUNG(CH3)]
+ but, sur-


prisingly, a rather modest efficiency of only frel=2% for
palladium. Finally, the [Pt ACHTUNGTRENNUNG(CH3)]


+/CH4 couple undergoes
ligand exchange with the highest efficiency (f=2% in
terms of ADO).
Some insight into the course of the reactions is provided


by labeling experiments (Table 2). Irrespective of their quite
varying efficiencies, for the complexes with M=Ni, Ru, Rh,
and Pd the contribution of a direct ligand exchange CH3!
CD3 is rather high; nevertheless, single and some double hy-
drogen/deuterium-atom exchange between the incoming
and outgoing methyl groups precedes the actual ligand
switch. In contrast, for the Pt system the fraction of direct
ligand exchange is negligible. Instead, the labeling data
reveal extensive single, double, and even some triple H/D


exchange without reaching a complete scrambling of all
seven hydrogen/deuterium atoms. Interestingly, extensive H/
D exchange has also been reported for the Pt+-based meth-
ane activation in solution.[30] A quantitative analysis of the
individual contributions of direct ligand exchange, hydro-
gen/deuterium scrambling, and the possible operation of ki-
netic isotope effects is not meaningful for the systems inves-
tigated given the limited set of data available.[22b,31] For the
[M ACHTUNGTRENNUNG(CH3)]


+ ions with M=Rh, Pd, and Pt, thermal reactions
with 13CH4 have been performed as well. These three com-
plexes were chosen on the grounds that they cover systems
that exhibit low (M=Pd), intermediate (M=Rh), and
higher (M=Pt) reaction efficiencies and—with regard to the
competition of hydrogen-atom scrambling versus direct ex-
change—encompass scenarios of very extensive H/D ex-
change (M=Pt) as well as high contributions of a direct
ligand switch (M=Pd, Rh). Without any exception, the oc-
currence of the thermal exchange process [Eq. (2b)] has
been verified, and for M=Rh and Pd the reaction efficien-
cies are comparable to those measured for their deuterated
analogues, whereas for the [Pt ACHTUNGTRENNUNG(CH3)]


+/13CH4 system we note
a drop in reactivity. This finding is in line with the hydro-
gen/deuterium scrambling results, which are rather extensive
for the [Pt ACHTUNGTRENNUNG(CH3)]


+/CD4 couple, thus demonstrating the oper-
ation of a set of forward/backward reactions; of course,
these do not show up in the experiment with 13CH4.


[31d] Fi-
nally, from Table 2 we note a very close labeling distribution
for the [Pt ACHTUNGTRENNUNG(CH3)]


+/CD4 couple irrespective of the mode of
[M ACHTUNGTRENNUNG(CH3)]


+ formation, that is, through reacting atomic M+


with CH3I (FTICR) or generation from solutions of plati-
num halides in CH3OH (ESI); this finding suggests that we
are probing the inherent features of the reactions. If there
are any internal energy effects, at least for the present case,
they are not significant.
In Table 3 the relative energies, based on B3LYP calcula-


tions, are given for all nine [M ACHTUNGTRENNUNG(CH3)]
+/CH4 couples in their


two lowest electronic spin states. Except for Ru ACHTUNGTRENNUNG(CH3)
+ , the


assignments for the most stable spin state concur with previ-
ous theoretical studies performed at higher levels of
theory.[32] In these previous, detailed investigations, in addi-
tion to making a comparison of computational methods, the
focus was on a rigorous description of the electronic struc-
tures and the energetic features of [M ACHTUNGTRENNUNG(CH3)]


+ ions; mecha-
nistic aspects, as depicted in Scheme 1, were not addressed.
As the reaction profiles of the degenerate ligand exchange
are symmetrical, for the sake of clarity we only include one
half of the profiles; for illustrative purposes, for the three
systems their two-dimensional half-reaction profiles are de-
picted in Figures 1–3 (the notation used refers to Scheme 1).
In view of the fact that gas-phase ion–molecule processes of
the type considered here by definition proceed through en-
counter complexes, the direct s-metathesis process, involving
transition structure 6, has not been addressed in the compu-
tational studies. Rather, the focus is on a comparison of the
OA/RE versus the s-CAM variants. Finally, the geometrical
details of all species considered are available as Supporting
Information; only a few structural aspects that are indicative


Table 1. Rate constants (k) and relative reaction efficiencies (frel) for the
degenerate ligand exchange in [M ACHTUNGTRENNUNG(CH3)]


+/CH4 couples.


[M ACHTUNGTRENNUNG(CH3)]
+ k [cm3molecule�1 s�1] frel


[b]
[%]


Fe [a] –
Co [a] –
Ni 1.6U10�12 7
Ru 5.1U10�12 23
Rh 1.6U10�11 72
Pd 4.4U10�13 2
Pt 2.2U10�11 [c] 100


[a] No thermal reaction observed at the detection limit. [b] Relative to
M=Pt with frel=100%. [c] This corresponds to f=2% in terms of
ADO.


Table 2. Deuterium distribution in the degenerate ligand exchange ac-
cording to Equation (2a).


Precursor ion Product ions[a,b]


[M ACHTUNGTRENNUNG(CH3)]
+ [M ACHTUNGTRENNUNG(CH2D)]


+ [M ACHTUNGTRENNUNG(CHD2)]
+ [M ACHTUNGTRENNUNG(CD3)]


+


Ni 27 12 61
Ru 37 24 39
Rh 30 35 35
Pd 11 2 87
Pt 41 (42)[c] 42 (45)[c] 16 (13)[c]


[a] Expressed in %. [b] For a complete scrambling of three hydrogen and
four deuterium atoms, ignoring kinetic isotope effects, after renormaliza-
tion one expects for the [M ACHTUNGTRENNUNG(CH3�xDx)]


+ (x=1–3) signals a ratio of
12:53:35. [c] For the [Pt ACHTUNGTRENNUNG(CH3)]


+/CD4 couple experiments were conducted
using FTICR and ESIMS. The numbers in parentheses refer to the latter.
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of the mechanisms under consideration are included. Even
though the accuracy of the energetic data provided by DFT
calculations should not be overestimated,[33] the results ob-
tained provide interesting and useful qualitative insight into
the mechanistic issues described in the Introduction.
The experimental observation that the 3d metal com-


plexes of [Fe ACHTUNGTRENNUNG(CH3)]
+ and [Co ACHTUNGTRENNUNG(CH3)]


+ do not react thermal-
ly with CH4 can be accounted for by the computed energet-
ics. For the 5A ground state of [Fe ACHTUNGTRENNUNG(CH3)]


+ , the transition
state for a s-CAM reaction is located 122 kJmol�1 above
the entrance channel. All at-
tempts to map out an OA/RE
process failed in that they re-
sulted in geometries typical for
a s-CAM mechanism. Consid-
eration of the 3A excited state
does not improve the energeti-
cally unfavorable situation, be-
cause both mechanistic path-
ways are so demanding in
energy that they are not acces-
sible thermally either. The [Co-
ACHTUNGTRENNUNG(CH3)]


+/CH4 couple exhibits a
similar pattern in that for the
4A ground state the s-CAM
path requires 128 kJmol�1, and
an OA/RE variant, once more,
does not exist for this high-spin
system. For the excited 2A
state, the transition state of a


s-CAM path is located below the entrance channel of the
low-spin system as well as the s-CAM transition state of the
ground-state high-spin electromer, thus indicating a possible
TSR scenario.[6] However, the calculated energy demand of
75 kJmol�1, relative to the entrance point of the electronic
4A ground state, is still much too high to bring about a ther-
mal ligand switch. For the [Ni ACHTUNGTRENNUNG(CH3)]


+/CH4 system, the situa-
tion is qualitatively reminiscent of that for [Co ACHTUNGTRENNUNG(CH3)]


+/CH4


in that on the 3A high-spin ground-state surface, the adiabat-
ic ligand exchange through a s-CAM transition state is
rather high in energy (91 kJmol�1) and the OA/RE variant
does not exist. Whereas for an OA/RE path a transition
state was found for the low-spin 1A surface, the transition
state for a s-CAM mechanism is at 28 kJmol�1, about
13 kJmol�1 lower in energy and only slightly above the
ground-state entrance channel. If this computed number is
realistic, some thermal energy of the reactants is required to
surmount the transition-state barrier. Thus, in a TSR scenar-
io (Figure 1) with spin flips at both the entrance and exit
channels, the high-energy transition state of the 3A ground-
state PES can be bypassed; this variant accounts for the in-
efficient, but experimentally clearly detectable, ligand ex-
change. Although there are some quantitative differences,
the behavior of the third-row complexes [M ACHTUNGTRENNUNG(CH3)]


+ (M=


Fe, Co, Ni) towards methane expresses features that were
noted earlier for the related [MH]+/CH4 couples [Eq. (1)],
in that for the latter it was also the [NiH]+/CH4 system that
exhibited the highest reactivity due to an energetically fa-
vorable TSR pattern involving a s-CAM mechanism.[5c]


The [M ACHTUNGTRENNUNG(CH3)]
+ complexes of the 4d transition metals


M=Ru, Rh, and Pd differ in several interesting and some-
how surprising aspects from their 3d congeners. As stated
earlier in a different context,[7a,b] their electronic ground
states prefer low-spin configurations[32b] and are thus more
prone to OA/RE reactions than the high-spin electromers.
In fact, in line with the experimental findings (Table 1), all
three complexes bring about thermal methyl ligand ex-


Table 3. B3LYP-calculated relative energies [kJmol�1] for the degenerate
ligand exchange [M ACHTUNGTRENNUNG(CH3)]


+ +*CH4Q[M ACHTUNGTRENNUNG(*CH3)]
+ +CH4.


[a]


Intermediates/transition structures
[M ACHTUNGTRENNUNG(CH3)]


+/CH4 1 2 3 7


[Fe ACHTUNGTRENNUNG(CH3)]
+ 5A 0 �61 [b] [b] 122


[Fe ACHTUNGTRENNUNG(CH3)]
+ 3A 90 25 117 116 118


[Co ACHTUNGTRENNUNG(CH3)]
+ 4A 0 �62 [b] [b] 128


[Co ACHTUNGTRENNUNG(CH3)]
+ 2A 88 �8 [c] 101 75


[Ni ACHTUNGTRENNUNG(CH3)]
+ 3A 0 �65 [b] [b] 91


[Ni ACHTUNGTRENNUNG(CH3)]
+ 1A 73 �22 41 38 28


[Ru ACHTUNGTRENNUNG(CH3)]
+ 3A[d] 0 �71 �40 �69 �21


[Ru ACHTUNGTRENNUNG(CH3)]
+ 5A[d] 9 �68 [c] 85 124


[Rh ACHTUNGTRENNUNG(CH3)]
+ 2A 0 �76 �39 �45 [e]


[Rh ACHTUNGTRENNUNG(CH3)]
+ 4A 13 �36 [c] 109 118


[Pd ACHTUNGTRENNUNG(CH3)]
+ 1A 0 �59 �2 �17 9


[Pd ACHTUNGTRENNUNG(CH3)]
+ 3A 87 29 [c] 145 77


[Os ACHTUNGTRENNUNG(CH3)]
+ 5A 0 �33 40 25 [e]


[Os ACHTUNGTRENNUNG(CH3)]
+ 3A 116 �30 �19 �119 [e]


[Ir ACHTUNGTRENNUNG(CH3)]
+ 4A 0 �48 [c] 19 [e]


[Ir ACHTUNGTRENNUNG(CH3)]
+ 2A 42 �68 �52 �154 [e]


[Pt ACHTUNGTRENNUNG(CH3)]
+ 1A 0 �114 �96 �194 [e]


[Pt ACHTUNGTRENNUNG(CH3)]
+ 3A 2 �49 25 12 [e]


[a] Energies are given relative to the separated reactant couples [M-
ACHTUNGTRENNUNG(CH3)]


+/CH4. For each metal complex, the relative energies refer to the
ground state of [M ACHTUNGTRENNUNG(CH3)]


+ . For the structural assignments, see Scheme 1
and text. [b] Transition state 2 and insertion product 3 have not been lo-
cated. [c] Transition state 2 has not been located. [d] According to refer-
ence [32b], the quintet state corresponds to the electronic ground-state
configuration. [e] Transition state 7 has not been located.


Figure 1. Schematic half-reaction profiles for the s-CAM reactions of [Ni ACHTUNGTRENNUNG(CH3)]
+/CH4 in the


1A and 3A states
of the cation.
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change with methane and, ac-
cording to the DFT calcula-
tions, it is the OA/RE mecha-
nism that is energetically supe-
rior to the s-CAM variant. Ac-
tually, for the Ru and Rh sys-
tems in their high-spin states, a
s-CAM mechanism has been
identified; however, as shown
in Table 3 and schematically in
Figure 2 for the [Ru ACHTUNGTRENNUNG(CH3)]


+/
CH4 couple, this rather energy-
demanding process is not
likely to play a role in the ex-
periments. For the [RuACHTUNGTRENNUNG(CH3]


+/
CH4 couple, this variant is also
accessible for the 3A state but
is higher in energy than the
OA/RE mechanism. The palla-
dium complex deviates some-
how in that both the OA/RE
and the s-CAM variants in-
volve the 1A low-spin ground state of [Pd ACHTUNGTRENNUNG(CH3)]


+ with a
small energetic preference for the former, at least at the
B3LYP level. A definitive distinction would require much
more elaborate theoretical investigations,[33] for example, ad-
vanced CCSD(T) calculations employing large basis sets.
Nevertheless, the fact that the transition states of both
mechanisms are energetically quite close to the entrance
channel of [Pd ACHTUNGTRENNUNG(CH3)]


+/CH4 may account for the decreased
efficiency of the ligand exchange (relative to that of the Ru
and Rh analogues) as well as the rather high contribution of
a direct ligand switch. Given the shape of the energy surface,
the potential well is simply not deep enough to provide
ample time for an extensive backward–forward shuttle of
the hydrogen/deuterium atoms
in the [Pd ACHTUNGTRENNUNG(CH3)]


+/CD4 en-
counter complex.
As already stated, from the


three [M ACHTUNGTRENNUNG(CH3)]
+ complexes of


the 5d transition metals M=


Os, Ir, and Pt, it was only the
platinum system that could be
investigated experimentally
(Tables 1 and 2). The fact that
this complex reacts at room
temperature with CH4 at an
appreciable rate and that the
process is accompanied by ex-
tensive hydrogen/deuterium
atom exchange in the [Pt-
ACHTUNGTRENNUNG(CH3)]


+/CD4 couple (Table 2)
can be accounted for by the
computational investigations
(Table 3 and Figure 3). For the
1A state, which is nearly isoe-
nergetic with the high-spin 3A


state (as is also the case for the related [PtH]+ cation[7]), all
minima and transition states of the OA/RE path are located
well below the entrance channel (Figure 3) and thus do not
create a kinetic impediment. Furthermore, in the deep po-
tential well of the singlet surface the trapped encounter
complex has ample time to exchange the hydrogen/deuteri-
um atoms. For the triplet state, the scenario is different in
that both the transition state 2 and the insertion product 3
of an OA are located above the entrance channel. Common
to either electronic state of [Pt ACHTUNGTRENNUNG(CH3)]


+ is that a s-CAM
pathway could not be located.
As shown in Table 3, we also investigated computationally


the degenerate ligand switch for the [OsACHTUNGTRENNUNG(CH3)]
+ and [Ir-


Figure 2. Schematic half-reaction profiles for the OA/RE (green) and s-CAM (red) reactions of [RuACHTUNGTRENNUNG(CH3)]
+/


CH4 in the
3A and 5A states of the cation.


Figure 3. Schematic half-reaction profiles for the OA/RE reactions of [Pt ACHTUNGTRENNUNG(CH3)]
+/CH4 in the


1A and 3A states
of the cation.
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ACHTUNGTRENNUNG(CH3)]
+ complexes. The analysis of these data reveals that if


the two cations were accessible experimentally, both systems
are predicted to undergo ligand exchange with methane
under thermal conditions. As to the energetically preferred
mechanism, for the [OsACHTUNGTRENNUNG(CH3)]


+/CH4 couple we predict a
TSR scenario because the 5A ground state, close to the en-
trance channel, undergoes a spin flip to the excited low-spin
3A PES, on which an OA/RE reaction will occur until, close
to the exit channel, the system switches back to the high-
spin 5A ground state. There is no evidence for the involve-
ment of a s-CAM component. The same holds true for the
[Ir ACHTUNGTRENNUNG(CH3)]


+/CH4 couple, which in the course of an OA/RE
process also experiences two switches from the 4A ground
state to a 2A low-spin state and then back to the 4A state.


Conclusion


In a combined experimental/computational gas-phase study
various mechanistic aspects of the degenerate ligand ex-
change in [M ACHTUNGTRENNUNG(CH3)]


+/CH4 couples have been addressed for
M=Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt. In line with earli-
er notions,[7] for the late 5d systems an OA/RE mechanism
is operative. For the [Pt ACHTUNGTRENNUNG(CH3)]


+/CH4 couple, the reaction is
confined to the singlet state; in contrast, for the complexes
containing M=Os and Ir, the OA/RE variant is entangled
with a TSR scenario such that close to the entrance and exit
channels, the system switches from the high-spin ground to
the excited low-spin states. s-CAM mechanisms are not op-
erative for any of the 5d complexes investigated. In contrast,
for the 3d congeners with M=Fe, Co, and Ni, it is this very
mechanism which is favored energetically over the OA/RE
variant. Although the Fe and Co systems do not bring about
thermal ligand exchange due to energetically rather de-
manding transition structures, in the rather inefficient reac-
tion of the [NiACHTUNGTRENNUNG(CH3)]


+/CH4 couple a s-CAM reaction
occurs that involves two spin states. The ligand exchange
commences and finishes at the high-spin triplet surface, but
the actual bond activation takes place at the excited singlet
state (TSR scenario). For none of the three 3d complexes
do OA/RE variants play a role in either their high- or low-
spin states. Finally, for the 4d systems with M=Ru, Rh, and
Pd, yet another situation has been uncovered. For the ruthe-
nium and rhodium complexes, the OA/RE mechanism is
feasible energetically, and for these two couples the ligand
switch is confined to their low-spin electronic states. In con-
trast, for the [Pd ACHTUNGTRENNUNG(CH3)]


+/CH4 couple, in the
1A ground-state


PES both the OA/RE and the s-CAM mechanisms are ener-
getically comparable, as noted earlier for the related
[Pd(H)]+/CH4 complex.


[5f] Although a quantitative correla-
tion of the computational findings with the experimental
data has not been intended in the present study, trends in re-
activity or in the details of the reaction, for example, hydro-
gen-scrambling versus direct ligand switch, can be accounted
for in qualitative terms by the computational results.
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Au-Catalyzed Tandem Cyclization/ ACHTUNGTRENNUNG[1,2]-Alkyl Migration Reaction of Epoxy
Alkynes: Synthesis of Spiropyranones


Xing-Zhong Shu,[a] Xue-Yuan Liu,[a] Ke-Gong Ji,[a] Hui-Quan Xiao,[a] and
Yong-Min Liang*[a, b]


Introduction


In the field of organic synthesis, it is very desirable to facili-
tate two- or multistep bond formations in one pot with a
single catalyst to achieve economically useful transforma-
tions.[1] One of the most effective ways of achieving this syn-
thetic efficiency is to implement tandem reactions.[2] Recent-
ly, Au catalysis[3] has elicited new excitement in this active
research area, and a number of consecutive C�X (X=het-
ACHTUNGTRENNUNGeroatom) and C�C bond-forming processes have been effec-
tive.[4] In this context, tandem cyclization/migration reac-
tions would present a valuable opportunity.[5] Although,
much attention has been paid to ether[5a,c] and carbonyl
groups,[6] other functional groups, such as aziridines and ep-
oxides, which are among the most versatile intermediates in
organic synthesis,[7] have not been explored until now.
In the context of our ongoing efforts to develop tandem


reactions,[8] we found that oxonium ions formed from al-


kynes and epoxides might be perfect intermediates in a
domino process.[9] We hypothesize that gold-activated epoxy
alkynes may undergo an anti-endo-dig cyclization to afford
the intermediate oxonium ions, which might induce the mi-
gration of neighboring groups when assisted with the hy-
droxy group (Scheme 1). Herein, we report a novel gold-cat-
alyzed tandem cyclization/ ACHTUNGTRENNUNG[1,2]-alky migration process to
spiropyranones. In this reaction, the [1,2]-migration of the
alkyl groups was a key step and the construction of adjacent
multiple stereocenters with a new quaternary carbon atom
was also achieved.


Results and Discussion


Optimization studies of this transformation began with
epoxy alkyne 1 a (Table 1), which was readily prepared from
the corresponding enone in two steps.[10] The cyclization of
1 a proceeded effectively with [NaAuCl4]·2H2O (5 mol%) in
toluene at 80 8C and gave the expected 4ACHTUNGTRENNUNG(2H)-pyranone 2 a
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Scheme 1. The hypothesized activation of epoxy alkynes with gold.
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in 80% yield after 12 h (Table 1, entry 1). With other gold
catalysts, such as [HAuCl4]·4H2O, AuCl3, and AuCl, no su-
perior results were obtained (Table 1, entries 2–4). The addi-
tion of a silver salt led to a dramatic decomposition of the
starting material (Table 1, entries 5 and 6). PtCl2 and [Pd-
ACHTUNGTRENNUNG(tfa)2] (tfa= trifluoroacetate) also showed considerable cata-
lytic activity, whereas moderate yields were obtained
(Table 1, entries 7 and 8). On the other hand, an excellent
yield of 2 a was obtained by switching the solvent to benzene
(Table 1, entry 11).[11] A similar result was also achieved
when 2 mol% of [NaAuCl4]·2H2O was used (Table 1,
entry 12).
With these optimal conditions in hand, we examined the


scope of this reaction (Table 2). Various aryl groups and
alkyl substituent on the oxirane ring were tolerated
(Table 2, entries 1–4 and 11). An electron-withdrawing aryl
group gave a better result relative to electron-rich groups
(Table 2, entries 2 versus 3 and 4), which might be ascribed
to the intermediate oxonium ions (Scheme 1). After being
stabilized effectively, the ability of oxonium ions to induce
the migration of an adjacent group will be decreased. Al-
kynes with different aryl groups were compatible with this
reaction (Table 2, entries 5 and 6). If aliphatic and hetero-
ACHTUNGTRENNUNGaromatic alkynes were used, the reaction proceeds much
faster to afford higher yields of the desired products
(Table 2, entries 7 and 8). On the other hand, the reaction
efficiency was consistent with the ring strain. Larger-mem-
bered ring systems gave higher yields of corresponding
products in a shorter time (Table 2, entries 9–11). If the hy-
droxy group was protected with trimethylsilylether, then the
reaction proceeded efficiently in the presence of three
equivalents of H2O and gave a superior result to tertiary al-
cohol 1 a (Table 2, entry 12 versus 1).


To briefly examine the proposed proto-demetalation step
to set the gold catalyst free, under the standard conditions
ether 1 l was subjected to an excess of D2O as an additive,
and the desired incorporation of the deuterium atom into 4-
ACHTUNGTRENNUNG(2H)-pyranone 2 l at C5 was observed. This result is consis-
tent with our proposed mechanism (Scheme 3), in which
proto-demetalation at C5 is believed to be the final step.
Additionally, the gold-catalyzed domino process is stereo-


specific with respect to the migrating carbon atom
(Scheme 2). The methyl-substituted compounds 1 m,[12] and
1 n–1 p reacted smoothly to afford the only isomer of spiro-
pyranones 2 m[13] and 2 n in moderate yields. Better results
were obtained when the alcohols were protected with trime-
thylsilylether. We think the rearrangement proceeded via
the oxonium ion as the intermediate M, although no direct
experimental proof exists.


Table 1. Optimization of the reaction conditions for the cyclization of
1a.[a]


Entry Catalyst Catalyst loading
ACHTUNGTRENNUNG[mol%]


Solvent Yield [%][b]


1 ACHTUNGTRENNUNG[NaAuCl4]·2H2O 5 toluene 80
2 ACHTUNGTRENNUNG[HAuCl4]·4H2O 5 toluene 52
3 AuCl3 5 toluene 71
4 AuCl 5 toluene 67
5 AuCl3, AgSbF6 5, 15 toluene trace
6 AuCl, AgSbF6 5, 5 toluene trace
7 PtCl2 5 toluene 56
8 [Pd ACHTUNGTRENNUNG(tfa)2] 5 toluene 48
9 ACHTUNGTRENNUNG[NaAuCl4]·2H2O 5 xylene 72
10 ACHTUNGTRENNUNG[NaAuCl4]·2H2O 5 n-hexane 46
11 ACHTUNGTRENNUNG[NaAuCl4]·2H2O 5 benzene 93
12 ACHTUNGTRENNUNG[NaAuCl4]·2H2O 2 benzene 92
13 ACHTUNGTRENNUNG[NaAuCl4]·2H2O 1 benzene 83


[a] Reactions conditions: 1a (0.3 mmol), solvent (2 mL), 80 8C, 12 h.
[b] Yield of isolated product.


Scheme 3. Proposed mechanism for the gold-catalyzed reactions to form
2 and 4.


Scheme 2. Stereospecific study of the gold-catalyzed domino process.
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Interestingly, a type of novel C�C bond cleavage of epox-
ides was discovered when acyclic systems were introduced
under standard conditions (Table 3).[14] Two Z alkenes and a
carbonyl functional group were formed in one step with ex-
cellent stereoselectivity from this process. For example, com-
pounds 3 a and 3 b underwent the domino process to give
the corresponding products efficiently (Table 3, entries 1
and 2). And the syn/anti mixtures of 3 c led to the products
4 c in a 3:1 ratio (Table 3, entry 3). [15] Moreover, no desired
product was observed when substrate 3 d was employed to
study the semipinacol rearrangement[16] under the optimal
conditions, whereas the same C�C bond cleavage was ob-
served (Table 3, entry 4).[17]


On the basis of the above re-
sults, a plausible mechanism for
this transformation is proposed
in Scheme 3.[18] The coordina-
tion of the gold center to epoxy
alkynes afforded complexes A
and D. The subsequent nucleo-
philic attack of the epoxide on
the alkynyl moiety leads to the
formation of intermediates B
and E. The oxonium ion[19] B
might trigger the [1,2]-migra-
tion of an adjacent group, when
assisted by the hydroxy group,
to give C which underwent pro-
tonation to regenerate the gold
catalyst and produce 4ACHTUNGTRENNUNG(2H)-
pyranone 2. However, with
more difficult migration sys-
tems, such as acyclic com-
pounds, the oxonium ion E in-
duced the cleavage of the C1�
C2 and C3�O1 bonds instead of
the migration process, which
leads to the formation of alken-
yl ethers 4.


Conclusion


We have developed an efficient
approach to spiropyranones by
utilizing a gold-catalyzed
tandem cyclization/ACHTUNGTRENNUNG[1,2]-alkyl
migration reaction of epoxy al-
kynes, which were readily pre-
pared from the corresponding
enones in two steps. In this re-
action, the construction of adja-
cent multiple stereocenters with
a new quaternary carbon atom
was achieved. Furthermore, the
gold-catalyzed domino process
is stereospecific with respect to


the migrating carbon atom. On the other hand, the stable,
simplest, and least expensive gold catalyst [NaAuCl4]·2H2O
shows excellent catalytic activity in the reaction with low
catalyst loading. When acyclic epoxide systems were intro-
duced under the standard conditions, a type of unusual C�C
bond cleavage of epoxy alkynes were also discovered. In
this process, two Z alkenes and a carbonyl functional group
were obtained in one step with excellent stereoselectivity.
The same C�C bond cleavage was also observed when an a-
hydroxy epoxide was used under the optimum conditions.


Table 2. Gold-catalyzed tandem reactions of various epoxy alkynes.[a]


Entry Substrate R t [h] Product Yield[b] [%]


1 1 a 12 2 a 92


2 1 b p-ClC6H4 12 2 b 84
3 1 c p-CH3C6H4 12 2 c 75
4 1 d m-CH3C6H4 36 2 d 63


5 1 e p-ClC6H4 7 2 e 75
6 1 f p-CH3C6H4 10 2 f 85
7 1 g n-C5H11 4 2 g 97
8 1 h 2-thienyl 6 2 h 95


9 1 i 2 2 i 75


10 1 j 20 min 2 j 85


11[c] 1 k 12 2 k 44


12[d]


1 l


3 2 a 90


13[e] 6 2 l 73


[a] Unless noted, all the reactions were carried out using 1 (0.3 mmol) with [NaAuCl4]·2H2O (2 mol%) in ben-
zene (2.0 mL) at 80 8C. [b] Yield of the isolated product. [c] Reaction run with AuCl3 (2 mol%). [d] Addition
of H2O (3 equiv). [e] Reaction was carried out in benzene/D2O (10:1).
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Experimental Section


General : Column chromatography was carried out on silica gel. Unless
noted, the 1H NMR spectra were recorded at 300 or 400 MHz in CDCl3
and the 13C NMR spectra were recorded at 75 or 100 MHz in CDCl3 with
trimethylsilane (TMS) as an internal standard. IR spectra were recorded
on a FT-IR spectrometer, and only the major peaks are reported (in
cm�1). Melting points were determined on a microscopic apparatus and
are uncorrected. All new compounds were further characterized by ele-
ment analysis; copies of their 1H and 13C NMR spectra are provided. De-
tailed data of the 1H NMR NOE interaction experiments of 2 m and X-
ray crystallographic studies of 1m are also provided. Commercially avail-
able reagents and solvents were used without further purification. THF
was distilled immediately before use from Na/benzophenone.


Materials : The known E enones, as substrates 1 a–1 i,[20] 1 l–1 p,[20] 3d,[20]


1j,[21] and 1k[22] were prepared according to previous methods. Epoxy al-
kynes 1a–1 k, 1 m, 1o, and 3a–3 c and epoxide 3d were prepared accord-
ing to previous methods.[8d]


2-Phenyl-4-(2-phenylethynyl)-1-oxaspiro ACHTUNGTRENNUNG[2.5]oct-4-ol (1 a): Solid;
m.p. 90–92 8C; 1H NMR (400 MHz, CDCl3): d=7.48–7.46 (m, 2H), 7.37–
7.25 (m, 8H), 4.59 (s, 1H), 2.57 (s, 1H), 2.25–2.21 (m, 1H), 1.91–1.69 (m,
4H), 1.57–1.46 ppm (m, 3H); 13C NMR (100 MHz, CDCl3) d=135.2,
131.8, 128.6, 128.3, 128.1, 127.5, 126.3, 122.4, 88.7, 86.3, 69.6, 68.1, 60.3,
39.9, 25.4, 23.1, 23.0 ppm; IR (KBr): ñ =3435, 2948, 1666, 1621, 1449, 993,
756 cm�1; elemental analysis (%) calcd for C21H20O2: C 82.86, H 6.62;
found: C 82.89, H 6.54.


2-(4-Chlorophenyl)-4-(2-phenylethynyl)-1-oxaspiro ACHTUNGTRENNUNG[2.5]oct-4-ol (1 b):
Solid; m.p. 122–124 8C; 1H NMR (400 MHz, CDCl3): d =7.47–7.45 (m,
2H), 7.33–7.31 (m, 5H), 7.26–7.24 (m, 2H), 4.56 (s, 1H), 2.64 (s, 1H),
2.22–2.19 (m, 1H), 1.90–1.67 (m, 4H), 1.55–1.43 ppm (m, 3H); 13C NMR
(100 MHz, CDCl3): d=133.8, 133.3, 131.7, 128.6, 128.3, 127.7, 122.3, 88.5,
86.4, 69.6, 68.2, 59.7, 39.8, 25.3, 23.1, 22.9 ppm; IR (KBr): ñ =3453, 2938,
2859, 1492, 1443, 1088, 757 cm�1; elemental analysis (%) calcd for
C21H19ClO2: C 74.44, H 5.65; found: C 74.52, H 5.48.


2-(4-Methylphenyl)-4-(2-phenylethynyl)-1-oxaspiro ACHTUNGTRENNUNG[2.5]oct-4-ol (1 c):
Solid; m.p. 76–77 8C; 1H NMR (300 MHz, CDCl3): d=7.48–7.44 (m, 2H),
7.31–7.29 (m, 3H), 7.23–7.20 (d, J=7.5 Hz, 2H), 7.16–7.13 (d, J=7.5 Hz,
2H), 4.58 (s, 1H), 2.77 (s, 1H), 2.33 (s, 3H), 2.26–2.18 (m, 1H), 1.93–1.67
(m, 4H), 1.55–1.48 ppm (m, 3H); 13C NMR (75 MHz, CDCl3): d=137.0,
132.1, 131.7, 128.7, 128.4, 128.2, 126.2, 122.4, 88.8, 86.2, 69.6, 68.0, 60.2,
39.8, 25.3, 23.1, 22.9, 21.1 ppm; IR (KBr): ñ =3455, 2938, 2860, 2247,
1828, 1443, 1086, 758 cm�1; elemental analysis (%) calcd for C22H22O2: C
82.99, H 6.96; found: C 82.86, H 6.92.


2-(3-Methylphenyl)-4-(2-phenylethyn-
yl)-1-oxaspiro ACHTUNGTRENNUNG[2.5]oct-4-ol (1 d): Oil;
1H NMR (400 MHz, CDCl3): d=7.48–
7.46 (m, 2H), 7.31–7.29 (m, 3H), 7.25–
7.21 (m, 1H), 7.13–7.08 (m, 3H), 4.57
(s, 1H), 2.71 ( s, 1H), 2.35 (s, 3H),
2.25–2.18 (m, 1H), 1.91–1.70 (m, 4H),
1.57–1.49 ppm (m, 3H); 13C NMR
(100 MHz, CDCl3): d=137.7, 135.1,
131.7, 128.5, 128.2, 127.9, 126.9, 123.3,
122.4, 109.7, 88.8, 86.2, 69.6, 68.0, 60.3,
39.8, 25.3, 23.1, 23.0, 21.4 ppm; IR
(neat): ñ=3452, 2937, 2860, 1606,
1489, 1443, 1085, 757 cm�1; elemental
analysis (%) calcd for C22H22O2: C
82.99, H 6.96; found: C 83.09, H 6.87.


4-[2-(4-Chlorophenyl)ethynyl]-2-
phenyl-1-oxaspiroACHTUNGTRENNUNG[2.5]oct-4-ol (1 e):
Solid; m.p. 105–107 8C; 1H NMR
(300 MHz, CDCl3): d =7.40–7.25 (m,
9H), 4.58 (s, 1H), 2.74 (s, 1H), 2.22–
2.17 (m, 1H), 1.93–1.63 (m, 4H), 1.56–
1.48 ppm (m, 3H); 13C NMR (75 MHz,
CDCl3): d=135.0, 134.6, 133.0, 128.6,


128.1, 127.5, 126.2, 120.8, 89.7, 85.1, 69.6, 68.0, 60.3, 39.8, 25.3, 23.1,
22.9 ppm; IR (KBr): ñ =3448, 2939, 1490, 1448, 1088, 829, 755 cm�1; ele-
mental analysis (%) calcd for C21H19ClO2: C 74.44, H 5.65; found: C
74.52, H 5.69.


4-[2-(4-Methylphenyl)ethynyl]-2-phenyl-1-oxaspiroACHTUNGTRENNUNG[2.5]oct-4-ol (1 f):
solid; m.p. 116–118 8C; 1H NMR (400 MHz, CDCl3): d =7.37–7.25 (m,
7H), 7.13–7.11 (m, 2H), 4.59 (s, 1H), 2.56 (s, 1H), 2.35 (s, 3H), 2.24–2.19
(m, 1H), 1.89–1.69 (m, 4H), 1.56–1.45 ppm (m, 3H); 13C NMR
(100 MHz, CDCl3): d=138.7, 135.3, 131.7, 129.0, 128.0, 127.4, 126.3,
119.3, 87.9, 86.5, 69.6, 68.1, 60.3, 39.9, 25.4, 23.1, 23.0, 21.4 ppm; IR
(KBr): ñ=3430, 2948, 1505, 1447, 1387, 990, 816 cm�1; elemental analysis
(%) calcd for C22H22O2: C 82.99, H 6.96; found: C 82.85, H 7.02.


4-(Hept-1-ynyl)-2-phenyl-1-oxaspiroACHTUNGTRENNUNG[2.5]oct-4-ol (1 g): Oil; 1H NMR
(300 MHz, CDCl3): d=7.37–7.21 (m, 5H), 4.51 (s, 1H), 2.53 (s, 1H),
2.28–2.23 (m, 2H), 2.10–2.05 (m, 1H), 1.80–1.29 (m, 13H), 0.91–0.87 ppm
(m, 3H); 13C NMR (75 MHz, CDCl3): d =135.4, 127.9, 127.3, 126.2, 87.0,
79.8, 69.0, 68.2, 60.1, 40.0, 30.9, 28.2, 25.3, 23.1, 23.0, 22.1, 18.6, 13.9 ppm;
IR (neat): ñ =3463, 2934, 2862, 1449, 1084, 701 cm�1; elemental analysis
(%) calcd for C20H26O2: C 80.50, H 8.78; found: C 80.66, H 8.67.


2-Phenyl-4-[2-(thienyl)ethynyl]-1-oxaspiro ACHTUNGTRENNUNG[2.5]oct-4-ol (1 h): Oil;
1H NMR (300 MHz, CDCl3): d=7.40–7.23 (m, 7H), 6.99–6.96 (m, 1H),
4.57 (s, 1H), 2.59 (s, 1H), 2.23–2.17 (m, 1H), 1.91–1.63 (m, 4H), 1.59–
1.46 ppm (m, 3H); 13C NMR (75 MHz, CDCl3) d=135.1, 132.5, 128.1,
127.5, 127.4, 126.9, 126.3, 122.2, 92.5, 79.6, 69.8, 67.9, 60.3, 39.7, 25.3, 23.1,
22.9 ppm; IR (neat): ñ=3449, 2938, 2860, 1773, 1447, 1193, 1084,
702 cm�1; elemental analysis (%) calcd for C19H18O2S: C 73.52, H 5.84;
found: C 73.64, H 5.89.


2-Phenyl-4-(2-phenylethynyl)-1-oxaspiro ACHTUNGTRENNUNG[2.6]non-4-ol (1 i): Solid;
m.p. 41–43 8C; 1H NMR (300 MHz, CDCl3): d=7.49–7.44 (m, 2H), 7.39–
7.24 (m, 8H), 4.49 (s, 1H), 3.33 (s, 1H), 2.34–2.26 (m, 1H), 2.18–2.10 (m,
1H), 1.78–1.58 (m, 6H), 1.52–1.42 ppm (m, 2H); 13C NMR (75 MHz,
CDCl3): d=135.2, 131.7, 128.4, 128.2, 128.2, 127.6, 126.4, 122.5, 90.7, 84.4,
71.2, 69.9, 62.3, 42.2, 29.7, 24.4, 23.7, 22.2 ppm; IR (KBr): ñ =3456, 2940,
2361, 1447, 1150, 754 cm�1; elemental analysis (%) calcd for C22H22O2: C
82.99, H 6.96; found: C 83.06, H 6.88.


2-Phenyl-4-(2-phenylethynyl)-1-oxaspiro ACHTUNGTRENNUNG[2.7]dec-4-ol (1 j): Solid;
m.p. 83–85 8C; 1H NMR (300 MHz, CDCl3): d=7.46–7.43 (m, 2H), 7.41–
7.24 (m, 8H), 4.60 (s, 1H), 2.98 (s, 1H), 2.25–2.16 (m, 2H), 1.82–1.61 (m,
7H), 1.42–1.39 (m, 2H), 1.29–1.26 ppm (m, 1H); 13C NMR (75 MHz,
CDCl3): d=135.6, 131.8, 128.4, 128.2, 128.2, 127.6, 126.3, 122.5, 90.3, 84.5,
71.7, 68.5, 63.9, 35.0, 25.6, 24.4, 24.0, 24.0, 22.1 ppm; IR (KBr): ñ =3474,
2918, 2865, 1491, 1446, 1117, 764, 696 cm�1; elemental analysis (%) calcd
for C23H24O2: C 83.10, H 7.28; found: C 83.24; 7.22.


Table 3. Gold-catalyzed novel C�C bond cleavage of the epoxy alkynes.[a]


Entry Substrate[b] t [h] Product Yield[c] [%]


1 3a 3 4 a 86


2 3b 3 4 b 96


3 3c[d] 3 4 c[e] 75


4 3d 8 4 d 62


[a] All reactions were carried out using 3 (0.3 mmol) with NaAuCl4·2H2O (2 mol%) in benzene (2.0 mL) at
80 8C. [b] Ref. [15]. [c] Yield of the isolated product. [d] Syn/anti mixtures (2:1) of the substrates were used
and the ratio was determined by 1H NMR spectroscopic analysis. [e] Z/E mixtures (3:1) of the products were
obtained.
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2-Isopropyl-4-(2-phenylethynyl)-1-oxaspiro ACHTUNGTRENNUNG[2.4]hept-4-ol (1 k): Solid;
m.p. 71–73 8C; 1H NMR (300 MHz, CDCl3): d=7.42–7.39 (m, 2H), 7.31–
7.26 (m, 3H), 3.03–2.99 (m, 1H), 2.81 (s, 1H), 2.26–1.95 (m, 4H), 1.86–
1.78 (m, 2H), 1.50–1.42 (m, 1H,) 1.14–1.10 (m, 3H), 1.04–1.00 ppm (m,
3H); 13C NMR (75 MHz, CDCl3): d =131.6, 128.3, 128.2, 122.6, 89.6, 85.0,
72.8, 67.5, 41.0, 29.1, 26.6, 20.2, 19.8, 18.3 ppm; IR (KBr): ñ =3490, 2963,
1485, 1061, 760 cm�1; elemental analysis (%) calcd for C17H20O2: C 79.65,
H 7.86; found: C 79.73, H 7.72.


2-Phenyl-4-(2-phenylethynyl)-4-trimethylsiloxy-1-oxaspiro ACHTUNGTRENNUNG[2.5]octane
(1 l): Oil ; 1H NMR (300 MHz, CDCl3): d =7.48–7.45 (m, 2H), 7.36–7.26
(m, 8H), 4.49 (s, 1H), 2.12–2.08 (m, 1H), 2.04–1.96 (m, 1H), 1.78–1.65
(m, 3H), 1.61–1.48 (m, 2H), 1.36–1.31 (m, 1H), 0.32–0.30 ppm (m, 9H);
13C NMR (75 MHz, CDCl3): d=136.0, 131.5, 128.5, 128.4, 127.9, 127.2,
126.3, 122.6, 90.1, 87.0, 72.1, 68.0, 60.3, 40.8, 25.0, 23.5, 21.8, 1.88 ppm; IR
(neat): ñ =2944, 2860, 1447, 1252, 1110, 1033, 910, 843, 755, 696 cm�1; ele-
mental analysis (%) calcd for C24H28O2Si: C 76.55, H 7.49; found: C
76.62, H 7.53.


5-Methyl-2-phenyl-4-(2-phenylethynyl)-1-oxaspiro ACHTUNGTRENNUNG[2.5]oct-4-ol (1 m):
Solid; m.p. 90–92 8C; 1H NMR (300 MHz, CDCl3): d=7.50–7.44 (m, 2H),
7.38–7.23 (m, 8H), 4.59 (s, 1H), 2.39 (s, 1H), 1.91–1.80 (m, 2H), 1.75–
1.72 (m, 1H), 1.65–1.47 (m, 3H), 1.36–1.21 ppm (m, 4H); 13C NMR
(75 MHz, CDCl3): d=135.4, 131.8, 128.5, 128.2, 128.0, 127.4, 126.2, 122.5,
87.4, 86.6, 73.0, 68.4, 59.5, 42.8, 31.8, 25.8, 22.5, 16.1 ppm; IR (KBr): ñ=


3428, 2931, 2863, 1450, 1078, 750 cm�1; elemental analysis (%) calcd for
C22H22O2: C 82.99, H 6.96; found: C 82.86, H 6.88.


2-Phenyl-4-(2-phenylethynyl)-5-methyl-4-trimethylsiloxy-1-oxaspiro-
ACHTUNGTRENNUNG[2.5]octane (1 n): Oil; 1H NMR (300 MHz, CDCl3): d =7.49–7.44 (m,
2H), 7.40–7.26 (m, 8H), 4.45 (s, 1H), 2.15–2.09 (m, 1H), 1.81–1.70 (m,
2H), 1.61–1.54 (m, 3H), 1.49–1.39 (m, 1H), 1.19–1.17 (d, J=6.6 Hz, 3H),
0.34 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d =136.2, 131.4, 128.6,
128.4, 128.0, 127.3, 126.2, 122.5, 89.2, 88.5, 75.5, 68.1, 60.0, 42.2, 30.6, 25.6,
21.8, 16.4, 2.19 ppm; IR (neat): ñ =3405, 2936, 1449, 1252, 1108, 843,
753 cm�1; elemental analysis (%) calcd for C25H30O2Si: C 76.88, H 7.74;
found: C 76.95, H 7.79.


2-Isopropyl-5-methyl-4-(2-phenylethynyl)-1-oxaspiro ACHTUNGTRENNUNG[2.5]oct-4-ol (1 o):
Solid; m.p. 93–95 8C; 1H NMR (300 MHz, CDCl3): d=7.46–7.42 (m, 2H),
7.32–7.26 (m, 3H), 3.14–3.11 (d, J=9.3 Hz, 1H), 2.22–2.16 (m, 2H), 1.73–
1.46 (m, 7H), 1.20–1.18 (d, J=6.6 Hz, 3H), 1.13–1.10 (d, J=6.3 Hz, 3H),
1.00–0.97 ppm (d, J=6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=131.8,
128.4, 128.2, 122.6, 87.1, 86.9, 72.6, 66.4, 65.0, 42.4, 31.7, 27.0, 26.3, 22.5,
20.2, 18.5, 16.2 ppm; IR (KBr): ñ =3447, 2962, 2928, 2865, 1455, 1074,
755 cm�1; elemental analysis (%) calcd for C19H24O2: C 80.24, H 8.51;
found: C 80.32, H 8.45.


2-Isopropyl-4-(2-phenylethynyl)-5-methyl-4-trimethylsiloxy-1-oxaspiro-
ACHTUNGTRENNUNG[2.5]octane (1 p): Oil; 1H NMR (300 MHz, CDCl3): d =7.46–7.42 (m,
2H), 7.35–7.33 (m, 3H), 3.00–2.97 (m, 1H), 2.18–2.12 (m, 1H), 2.00–1.94
(m, 1H), 1.76–1.50 (m, 6H), 1.13–1.07 (m, 6H), 1.00–0.98 (m, 3H), 0.29–
0.22 ppm (m, 9H); 13C NMR (75 MHz, CDCl3): d=131.4, 128.5, 128.4,
122.6, 89.2, 88.8, 75.2, 66.5, 65.5, 41.5, 31.2, 27.1, 26.7, 22.3, 20.3, 18.8,
16.6, 2.23 ppm; IR (neat): ñ=3399, 2961, 1453, 1251, 1116, 842, 756 cm�1;
elemental analysis (%) calcd for C22H32O2Si: C 74.10, H 9.05; found: C
74.23, H 9.11.


(S)-4-Phenyl-2-[(2R,3S)-3-phenyloxiran-2-yl]but-3-yn-2-ol (3 a): Solid;
m.p. 74–76 8C; 1H NMR (300 MHz, CDCl3): d=7.46–7.42 (m, 2H), 7.35–
7.24 (m, 8H), 4.17 (m, 1H), 3.30–3.29 (m, 1H), 2.68 (s, 1H), 1.72 ppm (s,
3H); 13C NMR (75 MHz, CDCl3): d =136.3, 131.8, 128.6, 128.5, 128.4,
128.2, 125.9, 122.0, 88.3, 85.2, 67.1, 67.1, 56.7, 27.4 ppm; IR (KBr): ñ=


3425, 2986, 1600, 1492, 1365, 1132, 1068, 899, 755, 695 cm�1; elemental
analysis (%) calcd for C18H16O2: C 81.79, H 6.10; found: C 81.72, H 6.19.


(S)-2-[(2R,3S)-3-Phenyloxiran-2-yl]non-3-yn-2-ol (3 b): Oil ; 1H NMR
(300 MHz, CDCl3): d=7.38–7.28 (m, 5H), 4.08–4.07 (d, J=1.8 Hz, 1H),
3.18–3.17 (d, J=2.4 Hz, 1H), 2.44 (s, 1H), 2.22–1.18 (m, 2H), 1.59 (s,
3H), 1.53–1.46 (m, 2H), 1.37–1.26 (m, 4H), 0.90–0.85 ppm (m, 3H);
13C NMR (75 MHz, CDCl3): d=136.5, 128.5, 128.3, 125.8, 86.2, 79.5, 67.3,
66.6, 56.6, 31.0, 28.1, 27.6, 22.1, 18.6, 13.9 ppm; IR (neat): ñ =3444, 2929,
2862, 1719, 1459, 1369, 898, 699 cm�1; elemental analysis (%) calcd for
C17H22O2: C 79.03, H 8.58; found: C 79.15, H 8.51.


3-Phenyl-1-(3-phenyloxiran-2-yl)prop-2-yn-1-ol (3 c) (2:1 mixture of syn/
anti diastereoisomers): Oil; 1H NMR (300 MHz, CDCl3, 2:1 mixture of
diastereoisomers): d=7.46–7.43 (m, 2H), 7.37–7.23 (m, 8H), [4.96–4.94
(m), 4.77–4.73 (m), 1 H], [4.14–4.13 (d, J=2.4 Hz), 4.04–4.03 (d, J=


2.4 Hz), 1 H], 3.43–3.40 (m, 1H), 2.88–2.86 ppm (m, 1H); 13C NMR
(75 MHz, CDCl3, 2:1 mixture of diastereoisomers) d=136.1, 135.9, 131.8,
128.7, 128.5, 128.4, 128.2, 125.9, 121.9, 86.7, 85.9, 85.1, 64.0, 63.3, 62.1,
61.5, 56.2, 55.9 ppm; IR (neat): ñ =3430, 3060, 2923, 2230, 1638, 1491,
1265, 1032 cm�1; elemental analysis (%) calcd for C17H14O2: C 81.58, H
5.64; found: C 81.43, H 5.77.


2,4-Diphenyl-1-oxaspiro ACHTUNGTRENNUNG[2.5]oct-4-ol (3 d): Solid; m.p. 119–120 8C;
1H NMR (300 MHz, CDCl3): d=7.61–7.58 (m, 2H), 7.44–7.29 (m, 8H),
4.56 (s, 1H), 2.68–2.61 (m, 1H), 2.50 (s, 1H), 1.93–1.84 (m, 1H), 1.80–
1.74 (m, 1H), 1.65–1.32 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): d=


140.7, 135.4, 128.6, 128.2, 128.0, 127.6, 127.3, 126.3, 74.1, 68.5, 61.0, 38.4,
25.7, 23.6, 23.1 ppm; IR (KBr): ñ =3467, 2938, 2862, 1495, 1449, 1077,
755, 699 cm�1; elemental analysis (%) calcd for C19H20O2: C 81.40, H
7.19; found: C 81.27, H 7.36.


General procedure for the preparation of spiropyranones 2a–2 n, ethers
4a–4 c, and ketone 4 d : [NaAuCl4]·2H2O (2.37 mg, 2 mol%) was added to
a stirred solution of epoxide (0.30 mmol) in benzene (2.0 mL) under air
at 80 8C. When the reaction was considered to be complete, as deter-
mined by TLC analysis, the reaction mixture was diluted with ethyl ace-
tate (10 mL) and evaporated under reduced pressure. The residue was
purified by chromatography on silica gel to afford the corresponding
products.


6,8-Diphenyl-7-oxaspiro ACHTUNGTRENNUNG[4.5]dec-8-en-10-one (2 a): Prepared by using the
above method in 92% yield as a solid. M.p. 122–124 8C; 1H NMR
(300 MHz, CDCl3): d =7.76–7.73 (m, 2H), 7.50–7.25 (m, 8H), 6.06 (s,
1H), 5.42 (s, 1H), 2.30–2.19 (m, 1H), 1.98–1.88 (m, 1H), 1.81–1.48 (m,
4H), 1.32–1.22 (m, 1H), 1.17–1.06 ppm (m, 1H); 13C NMR (75 MHz,
CDCl3): d =198.7, 168.3, 136.0, 132.6, 131.4, 128.5, 128.5, 128.3, 128.1,
126.4, 100.4, 87.0, 54.9, 31.4, 30.1, 26.0, 25.9 ppm; IR (KBr): ñ =3434,
2943, 2862, 1660, 1607, 1362, 1040, 696 cm�1; elemental analysis (%)
calcd for C21H20O2: C 82.86, H 6.62; found: C 82.98, H 6.54.


6-(4-Chlorophenyl)-8-phenyl-7-oxaspiro ACHTUNGTRENNUNG[4.5]dec-8-en-10-one (2 b): Pre-
pared by using the above method in 84% yield as a solid. M.p. 122–
124 8C; 1H NMR (300 MHz, CDCl3): d=7.74–7.70 (m, 2H), 7.47–7.37 (m,
7H), 6.05–6.03 (m, 1H), 5.40–5.38 (m, 1H), 2.26–2.20 (m, 1H), 1.85–1.55
(m, 5H), 1.33–1.14 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=198.3,
168.1, 134.6, 134.5, 132.5, 131.5, 129.7, 128.6, 128.4, 126.4, 100.5, 86.4,
54.9, 31.6, 30.2, 26.0 ppm; IR (KBr): ñ =2950, 2864, 1657, 1603, 1360, 828,
689 cm�1; elemental analysis (%) calcd for C21H19ClO2: C 74.44, H 5.65;
found: C 74.62, H 5.69.


6-(4-Methylphenyl)-8-phenyl-7-oxaspiro ACHTUNGTRENNUNG[4.5]dec-8-en-10-one (2 c): Pre-
pared by using the above method in 75% yield as a solid. M.p. 113–
114 8C; 1H NMR (300 MHz, CDCl3): d=7.75–7.72 (m, 2H), 7.47–7.35 (m,
5H), 7.20–7.18 (m, 2H), 6.04 (s, 1H), 5.39 (s, 1H), 2.37 (s, 3H), 2.24–2.19
(m, 1H), 1.92–1.51 (m, 5H), 1.35–1.29 (m, 1H), 1.22–1.11 ppm (m, 1H);
13C NMR (75 MHz, CDCl3): d=198.8, 168.3, 138.3, 133.1, 132.8, 131.3,
128.8, 128.5, 128.3, 126.4, 100.4, 87.1, 55.0, 31.8, 30.2, 26.0, 21.1 ppm; IR
(KBr): ñ =3406, 2949, 2863, 1658, 1607, 1367, 1043, 692 cm�1; elemental
analysis (%) calcd for C22H22O2: C 82.99, H 6.96; found: C 82.87, H 7.02.


6-(3-Methylphenyl)-8-phenyl-7-oxaspiro ACHTUNGTRENNUNG[4.5]dec-8-en-10-one (2d): Pre-
pared by using the above method in 63% yield as a solid. M.p. 71–72 8C;
1H NMR (300 MHz, CDCl3): d=7.75–7.73 (d, J=6.9 Hz, 2H), 7.47–7.36
(m, 3H), 7.28–7.27 (m, 3H), 7.19–7.18 (m, 1H), 6.04 (s, 1H), 5.38 (s, 1H),
2.38–2.36 (m, 3H), 2.24–2.20 (m, 1H), 1.95–1.88 (m, 1H), 1.81–1.51 (m,
4H), 1.34–1.28 (m, 1H), 1.18–1.12 ppm (m, 1H); 13C NMR (75 MHz,
CDCl3): d =198.7, 168.3, 137.7, 136.0, 132.7, 131.3, 129.2, 129.1, 128.5,
128.0, 126.4, 125.5, 100.4, 87.2, 55.0, 31.5, 30.2, 25.9, 25.9, 21.5 ppm; IR
(KBr): ñ =3432, 2952, 2868, 1659, 1606, 1373, 1050, 693 cm�1; elemental
analysis (%) calcd for C22H22O2: C 82.99, H 6.96; found: C 83.13, H 6.82.


8-(4-Chlorophenyl)-6-phenyl-7-oxaspiro ACHTUNGTRENNUNG[4.5]dec-8-en-10-one (2 e): Pre-
pared by using the above method in 75% yield as a solid. M.p. 168–
169 8C; 1H NMR (300 MHz, CDCl3): d=7.69–7.65 (m, 2H), 7.48–7.35 (m,
7H), 6.01 (s, 1H), 5.41 (s, 1H), 2.25–2.21 (m, 1H), 1.94–1.51 (m, 5H),
1.33–1.29 (m, 1H), 1.15–1.10 ppm (m, 1H); 13C NMR (75 MHz, CDCl3):
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d=198.5, 167.1, 137.5, 135.9, 131.1, 128.8, 128.6, 128.4, 128.2, 127.7, 100.6,
87.2, 55.0, 31.5, 30.2, 26.0 ppm; IR (KBr): ñ =3405, 2929, 2860, 1656,
1605, 1088, 825cm�1; elemental analysis (%) calcd for C21H19ClO2: C
74.44, H 5.65; found: C 74.61, H 5.52.


8-(4-Methylphenyl)-6-phenyl-7-oxaspiro ACHTUNGTRENNUNG[4.5]dec-8-en-10-one (2 f): Pre-
pared by using the above method in 85% yield as a solid. M.p. 141–
142 8C; 1H NMR (300 MHz, CDCl3): d=7.65–7.62 (m, 2H), 7.48–7.46 (m,
2H), 7.41–7.36 (m, 3H), 7.21–7.18 (m, 2H), 6.02–6.01 (m, 1H), 5.40–5.39
(m, 1H), 2.37–2.36 (m, 3H), 2.26–2.21 (m, 1H), 1.94–1.50 (m, 5H), 1.26
(m, 1H), 1.12–1.08 ppm (m, 1H); 13C NMR (75 MHz, CDCl3): d=198.7,
168.5, 142.0, 136.2, 129.8, 129.3, 128.5, 128.4, 128.1, 126.4, 99.8, 87.0, 55.0,
31.5, 30.2, 26.0, 21.4 ppm; IR (KBr): ñ=2953, 2861, 1656, 1606, 1360,
1046, 821, 706 cm�1; elemental analysis (%) calcd for C22H22O2: C 82.99,
H 6.96; found: C 83.06, H 6.88.


8-Pentyl-6-phenyl-7-oxaspiro ACHTUNGTRENNUNG[4.5]dec-8-en-10-one (2 g): Prepared by
using the above method in 97% yield as an oil. 1H NMR (300 MHz,
CDCl3): d=7.39–7.33 (m, 5H), 5.35 (s, 1H), 5.20 (s, 1H), 2.26–2.12 (m,
3H), 1.87–1.45 (m, 8H), 1.20–1.08 (m, 2H), 0.94–0.83 ppm (m, 6H);
13C NMR (75 MHz, CDCl3): d=198.2, 175.5, 136.2, 128.4, 128.4, 128.0,
102.6, 86.9, 54.4, 34.4, 31.9, 31.0, 30.2, 26.0, 25.9, 22.2, 13.8 ppm; IR
(neat): ñ =3400, 2927, 2860, 1667, 1616, 1457, 1388, 1005, 704 cm�1; ele-
mental analysis (%) calcd for C20H26O2: C 80.50, H 8.78; found: C 80.57,
H 8.73.


6-Phenyl-8-(2-thienyl)-7-oxaspiro ACHTUNGTRENNUNG[4.5]dec-8-en-10-one (2 h): Prepared by
using the above method in 95% yield as a solid. M.p. 129–130 8C;
1H NMR (300 MHz, CDCl3): d=7.54–7.36 (m, 7H), 7.08–7.05 (m, 1H),
5.93 (s, 1H), 5.41 (s, 1H), 2.24–2.16 (m, 1H), 1.91–1.51 (m, 5H), 1.31–
1.26 (m, 1H), 1.17–1.11 ppm (m, 1H); 13C NMR (75 MHz, CDCl3): d=


198.1, 163.4, 136.6, 135.9, 130.0, 128.6, 128.4, 128.2, 128.1, 99.4, 87.3, 55.2,
31.9, 30.3, 26.0 ppm; IR (KBr): ñ =3399, 2948, 2864, 1655, 1594, 1384,
1317, 707 cm�1; elemental analysis (%) calcd for C19H18O2S: C 73.52, H
5.84; found: C 73.63, H 5.79.


1,3-Diphenyl-2-oxaspiro ACHTUNGTRENNUNG[5.5]undec-3-en-5-one (2 i): Prepared by using the
above method in 75% yield as a solid. M.p. 150–151 8C; 1H NMR
(300 MHz, CDCl3): d =7.74–7.71 (m, 2H), 7.48–7.33 (m, 8H), 5.97 (s,
1H), 5.39 (s, 1H), 2.08–2.01 (m, 1H), 1.95–1.91 (m, 1H), 1.82–1.78 (m,
1H), 1.57–1.51 (m, 2H), 1.43–1.22 (m, 4H), 1.07 ppm (m, 1H); 13C NMR
(75 MHz, CDCl3): d=200.0, 167.3, 135.6, 132.5, 131.3, 128.7, 128.6, 128.5,
128.1, 126.4, 100.6, 88.5, 46.2, 30.6, 26.7, 25.6, 22.3, 21.3 ppm; IR (KBr):
ñ=2924, 2852, 2349, 1661, 1611, 1366, 776, 705 cm�1; elemental analysis
(%) calcd for C22H22O2: C 82.99, H 6.96; found: C 82.87, H 7.06.


1,3-Diphenyl-2-oxaspiro ACHTUNGTRENNUNG[5.6]dodec-3-en-5-one (2 j): Prepared by using
the above method in 85% yield as a solid. M.p. 147–149 8C; 1H NMR
(400 MHz, CDCl3): d=7.76–7.74 (m, 2H), 7.53–7.26 (m, 8H), 6.03 (m,
1H), 5.27 (s, 1H), 2.37–2.31 (m, 1H), 1.96–1.91 (m, 1H), 1.72–1.60 (m,
4H), 1.49–1.28 (m, 4H), 1.02–0.96 (m, 1H), 0.49–0.44 ppm (m, 1H);
13C NMR (100 MHz, CDCl3): d =199.3, 168.2, 135.9, 132.5, 131.4, 128.6,
128.4, 128.1, 126.4, 100.2, 89.3, 50.6, 31.3, 31.0, 30.5, 28.5, 23.5, 22.4 ppm;
IR (KBr): ñ=2924, 2856, 1661, 1609, 1350, 776, 705 cm�1; elemental anal-
ysis (%) calcd for C23H24O2: C 83.10, H 7.28; found: C 83.19, H 7.26.


5-Isopropyl-7-phenyl-6-oxaspiro ACHTUNGTRENNUNG[3.5]non-7-en-9-one (2 k): Prepared by
using the above method, but with AuCl3 as the catalyst, in 44% yield as
an oil. 1H NMR (300 MHz, CD3COCD3): d=7.61–7.57 (m, 2H), 7.39–
7.31 (m, 3H), 5.49 (s, 1H), 4.13–4.09 (d, J=9.6 Hz, 1H), 2.45–2.30 (m,
3H), 2.15–1.98 (m, 4H), 1.12–1.09 (m, 3H), 0.88–0.83 ppm (m, 3H);
13C NMR (75 MHz, CD3COCD3): d=217.3, 157.0, 131.4, 129.2, 128.9,
125.7, 101.4, 94.6, 62.6, 39.0, 38.8, 20.2, 20.1, 19.4 ppm; IR (neat): ñ=


3452, 2962, 2871, 1735, 1641, 1450, 1045, 733 cm�1; elemental analysis
(%) calcd for C17H20O2: C 79.65, H 7.86; found: C 79.59, H 7.88.


[9D]6,8-Diphenyl-7-oxaspiro ACHTUNGTRENNUNG[4.5]dec-8-en-10-one (2 l): Prepared by using
the above method, but using benzene/H2O (10:1 v/v) as the solvent, in
73% yield as a solid. M.p. 122–124 8C; 1H NMR (300 MHz, CDCl3): d=


7.76–7.73 (m, 2H), 7.50–7.25 (m, 8H), 6.06 (s, 0.01H), 5.43 (s, 1H), 2.29–
2.22 (m, 1H), 2.19–1.89 (m, 1H), 1.82–1.50 (m, 4H), 1.32–1.26 (m, 1H),
1.17–1.06 ppm (m, 1H); IR (KBr): ñ =2948, 2866, 1657, 1598, 1566, 1353,
1292, 697 cm�1.


1-Methyl-6,8-diphenyl-7-oxaspiro ACHTUNGTRENNUNG[4.5]dec-8-en-10-one (2 m): Prepared by
using the above method in 67% yield from 1m. When substrate 1n was
used, H2O (3 equiv) was added to afford 2 m in 76% yield as an oil.
1H NMR (300 MHz, CDCl3): d=7.67–7.64 (m, 2H), 7.42–7.25 (m, 8H),
6.05 (s, 1H), 5.60 (s, 1H), 2.40–2.34 (m, 1H), 2.22–2.13 (m, 1H), 1.90–
1.72 (m, 2H), 1.67–1.60 (m, 1H), 1.47–1.24 ppm (m, 5H); 13C NMR
(75 MHz, CDCl3): d=198.0, 167.0, 137.4, 133.1, 131.3, 128.9, 128.7, 128.5,
128.4, 126.5, 101.2, 84.7, 56.7, 43.7, 33.1, 30.4, 23.2, 16.1 ppm; IR (neat):
ñ=2955, 2874, 1656, 1606, 1377, 1031, 695 cm�1; elemental analysis (%)
calcd for C22H22O2: C 82.99, H 6.96; found: C 82.83, H 7.08.


6-Isopropyl-1-methyl-8-phenyl-7-oxaspiroACHTUNGTRENNUNG[4.5]dec-8-en-10-one (2 n): Pre-
pared by using the above method in 43% yield from 1o. When substrate
1p was used, H2O (3 equiv) was added to afford 2n in 52% yield as a
solid. M.p. 68–70 8C; 1H NMR (300 MHz, CDCl3): d=7.78–7.75 (m, 2H),
7.48–7.27 (m, 3H), 5.89 (s, 1H), 4.51–4.49 (d, J=4.2 Hz, 1H), 2.27–2.10
(m, 3H), 1.89–1.68 (m, 3H), 1.57–1.48 (m, 1H), 1.35–1.30 (m, 1H), 1.17–
1.15 (d, J=6.9 Hz, 3H), 1.10–1.08 (d, J=7.5 Hz, 3H), 0.95–0.93 ppm (d,
J=7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=198.4, 167.8, 133.1,
131.2, 128.6, 126.3, 100.2, 86.8, 57.1, 43.7, 32.4, 30.9, 28.2, 23.0, 21.6, 18.5,
16.5 ppm; IR (KBr): ñ=3301, 2961, 2875, 1658, 1608, 1456, 1385, 1341,
1043, 692cm�1; elemental analysis (%) calcd for C19H24O2: C 80.24, H
8.51; found: C 80.31, H 8.44.


(3Z)-4-Phenyl-4-(styryloxy)but-3-en-2-one (4 a): Prepared by using the
above method in 86% yield as an oil. 1H NMR (300 MHz, CDCl3): d=


7.91–7.88 (m, 2H), 7.59–7.25 (m, 8H), 6.56–6.54 (d, J=6.3 Hz, 1H), 6.48
(s, 1H), 5.83–5.81 (d, J=6.9 Hz, 1H), 2.57 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d=190.2, 170.8, 139.7, 137.9, 133.7, 132.2, 129.0, 128.5,
127.8, 127.5, 114.4, 101.2, 19.2 ppm; IR (neat): ñ =3399, 3059, 1658, 1594,
1392, 1175, 1062, 697 cm�1; elemental analysis (%) calcd for C18H16O2: C
81.79, H 6.10; found: C 81.91, H 6.02.


(3Z)-4-(Styryloxy)non-3-en-2-one (4 b): Prepared by using the above
method in 96% yield as an oil. 1H NMR (400 MHz, CDCl3): d=7.33–
7.24 (m, 5H), 6.95–6.92 (d, J=9.0 Hz, 1H), 6.39–6.36 (d, J=9.3 Hz, 1H),
5.62 (s, 1H), 2.81–2.77 (m, 2H), 2.16 (s, 3H), 1.64–1.56 (m, 2H), 1.38–
1.34 (m, 4H), 0.94–0.84 ppm (m, 3H); 13C NMR (100 MHz, CDCl3): d=


196.4, 173.6, 139.8, 134.0, 128.7, 127.5, 126.1, 117.4, 103.4, 32.0, 31.5, 31.4,
26.8, 22.4, 13.9 ppm; IR (neat): ñ =3454, 3058, 2930, 2862, 1684, 1588,
1380, 1152, 947 cm�1; elemental analysis (%) calcd for C17H22O2: C 79.03,
H 8.58; found: C 78.92, H 8.66.


(2Z)-3-Phenyl-3-(styryloxy)acrylaldehyde (4 c): Compound 4c (3:1 of Z/E
mixtures) was prepared by using the above method in 75% yield as an
oil, but syn/anti mixtures (2:1) of the substrates were used: 1H NMR (3:1
of Z/E mixtures, 300 MHz, CDCl3): d= [10.20–10.17 (m), 9.55–9.52 (m), 1
H], 7.62–7.37 (m, 5H), 7.35–7.17 (m, 5H), [7.15–7.11 (m), 7.07–7.02 (d,
J=13.5 Hz), 1 H], [6.53–6.49 (d, J=12.3 Hz), 6.33–6.29 (d, J=12.3 Hz), 1
H], [6.02–5.99 (m), 5.88–5.85 (m), 1 H] ppm; 13C NMR (3:1 of Z/E mix-
tures, 75 MHz, CDCl3): d =191.8, 189.9, 174.2, 168.2, 144.6, 139.9, 133.9,
133.3, 132.5, 131.8, 131.6, 131.4, 129.9, 128.9, 128.7, 128.6, 128.4, 127.7,
127.5, 127.0, 126.1, 125.6, 118.4, 113.9, 113.2, 109.1 ppm; IR (neat): ñ=


3452, 3059, 2848, 1960, 1658, 1607, 1347, 1212, 1127, 752 cm�1; elemental
analysis (%) calcd for C17H14O2: C 81.58, H 5.64; found: C 81.71, H 5.57.


1,7-Diphenylheptane-1,6-dione (4 d): Prepared by using the above
method in 62% yield as a solid. M.p. 56–57 8C; 1H NMR (300 MHz,
CDCl3): d=7.93–7.91 (m, 2H), 7.55–7.52 (m, 1H), 7.47–7.42 (m, 2H),
7.35–7.19 (m, 5H), 3.69 (s, 2H), 2.95–2.91 (t, J=7.2 Hz, 2H), 2.53–2.49 (t,
J=6.9 Hz, 2H), 1.69–1.62 ppm (m, 4H); 13C NMR (75 MHz, CDCl3): d=


208.1, 199.9, 136.8, 134.2, 132.9, 129.3, 128.7, 128.5, 127.9, 127.0, 50.1,
41.7, 38.2, 23.5, 23.2 ppm; IR (KBr): ñ=3397, 2940, 1704, 1675, 1450,
1402, 1256, 696 cm�1; elemental analysis (%) calcd for C19H20O2: C 81.40,
H 7.19; found: C 81.49, H 7.13.
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the mechanism, we still insist that the oxonium ion is an the inter-
mediate in the process. The results of acyclic systems are most con-
sistent with our hypothesis (Table 3, entries 1–3), and the high ste-
reoselectivity of the transformation is also consistent with this hy-
pothesis; furthermore, we studied the semipinacol rearrangement of
3d and no semipinacol rearrangement product was detected
(Table 3, entry 4). We also did not observe any semipinacol rear-
rangement product I, which might have been detected in the reac-
tion. For an alternate mechanism by semipinacol rearrangement,
see:
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Chiral Bisphosphazides as Dual Basic Enantioselective Catalysts


Hiroshi Naka,* Nobuhiko Kanase, Masahiro Ueno, and Yoshinori Kondo*[a]


Introduction


Phosphazene compounds are employed as strong neutral or-
ganic bases,[1] functional materials,[2] and chemoselective syn-
thetic reagents.[3] The utilization of Schwesinger"s phospha-
zene bases[1] as strongly basic reagents for the chemoselec-
tive deprotonation of acidic and even less acidic C�H pro-
tons has been extensively investigated.[4] More recently, ap-
plications in the catalytic regulation of organometallic[5] and
organosilicon[6] species have been reported. Most of these
studies have dealt exclusively with simple iminophosphor-
anes (R1N=PR2


3), and several examples of chiral phospha-
zene-catalyzed enantioselective reactions have been re-
ported.[4i, 5b, c,7]


However, little attention has been paid to phosphazides
(R1N=N�N=PR2


3), which are generally considered to be un-
stable intermediates in the Staudinger reaction,[8] although
they are also potentially attractive as Lewis and/or Brønsted
basic functionalities [Eq. (1)].


Verkade et al. recently reported that several azidoproaza-
phosphatranes resist thermal denitrogenation and may be
used as catalytic bases in base-mediated reactions.[9] It was
noted that appropriate steric bulkiness and electronic prop-
erties of the substituents were required for sufficient stabili-
zation of the phosphazide intermediates.[9]


These findings motivated us to investigate the possible re-
activity of the phosphazide moiety in base-catalyzed asym-
metric reactions. Preparation of chiral phosphazides through
the Staudinger reaction is attractive, because simply by
mixing chiral azides with bulky and electron-donating tris(-
dialkylamino)phosphines, chiral phosphazides are generated,
which may be used directly for asymmetric reactions with-
out further purification.[10]


We report here the first enantioselective catalysis using a
chiral bisphosphazide (1a) complexed with lithium salts, by
which direct, enantioselective 1,4-addition of dialkyl malo-
nates to acyclic enones can be efficiently accomplished
(Scheme 1). The asymmetric direct Michael addition of mal-
onates to enones is a representative reaction in modern
asymmetric catalysis,[11] and known metallic[12] and non-met-
allic[13,14] catalysts developed for this purpose are also effec-
tive for other base-catalyzed asymmetric processes.[11] We
also present a possible application of the phosphazide


Keywords: asymmetric catalysis ·
basicity · lithium ·Michael addition ·
phosphazene base


Abstract: Chiral bisphosphazides complexed with lithium salts efficiently catalyze
the direct enantioselective 1,4-addition of dialkyl malonates to acyclic enones.
Spectroscopic studies on the stoichiometry of the bisphosphazide and lithium salt
have indicated the formation of a 1:1 species as the active enantioselective catalyst.
It is suggested that the catalyst generates a complex of the protonated phosphazide
and the chiral nucleophile as the key intermediate. The phosphazide moiety ap-
pears to be a promising dual basic functionality for stereo- and chemoselective cat-
alytic transformations.
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moiety as a promising dual basic functionality (both a
Brønsted and Lewis base) in stereo- and chemoselective cat-
alytic transformations.


Results and Discussion


First, we prepared the chiral bisphosphazide 1a by simply
mixing tris(dimethylamino)phosphine and the requisite
asymmetrically functionalized bisazide at room temperature.
The bisazide precursor was easily prepared in two steps
from commercially available (R,R)-hydrobenzoin
(Scheme 2, Figure 1).[15]


1a was found to be stable at room temperature, both in
pure form and in benzene solution, and no decomposition to
reduced diamine 2 or denitrogenated iminophosphorane 3a
was observed. When heated at 80 8C for 18 h in toluene, 1a
was quantitatively transformed to iminophosphorane 3a (as
estimated by 31P NMR).[5c] Derivatives 1b–d were also pre-
pared, following the same method as described for 1a
(Figure 1). From the viewpoints of simplicity and availabili-
ty, 1a was used for initial investigations.
Thus, we first applied 1a for the direct conjugate addition


of dimethyl malonate to trans-chalcone (Table 1). Although
only slight asymmetric induction was observed, the reaction
proceeded directly in the presence of a catalytic amount of
1a (10 mol%) to form the 1,4-adduct 4a (Table 1, entries 1–
3). With the aim of obtaining higher stereoselectivity, we
tested several additives. After many trials, we found that the


addition of lithium tert-butoxide to bisphosphazide 1a re-
markably enhanced the stereoselectivity (entries 4–6),
whereas other alkali metal tert-butoxides gave only poor se-
lectivities (entries 7 and 8). In all cases, the S product was
obtained as the major enantiomer.
The effect of the counter anion of the lithium salt was


also investigated (Table 2). It was found that relatively
acidic lithium salts gave better enantioselectivities. Among
the lithium salts that we tested, LiClO4 gave the best result
(Table 2, entry 8).


Using LiClO4 as an additive, reactions using 1b, 1c, 2,
and 3 were examined (Table 3). The bisphosphazides with
diethylamino (1b) and pyrrolidyl (1d) substituents also gave
good enantioselectivity, similar to that seen with 1a (en-
tries 2 and 4), whereas dibutylamino-substituted phospha-
zide 1c gave poor selectivity (entry 3). The corresponding


diamine 2 with the same chiral
framework was completely inef-
fective, giving no selectivity at
all (entry 5). The analogous imi-
nophosphorane 3a[5c] was also
found to give poor selectivity
(entries 6 and 7). The reaction
did not proceed without the
phosphazide (entry 8).


Scheme 1. Direct conjugate addition of dialkyl malonates to enones cata-
lyzed by bisphosphazide 1a and a lithium salt.


Scheme 2. Preparation of bisphosphazide 1a.


Figure 1. Structures of the prepared chiral phosphazides 1a–d, the related diamine 2, and the analogous imino-
phosphorane 3a.


Table 1. Effects of solvent and additives on the reactivity and selectivity.


Entry Additive Solvent Yield[a] ee[b]


1 – THF 21 8
2 – toluene 56 13
3 – CH2Cl2 98 10
4 LiOtBu THF 45 55
5 LiOtBu toluene 78 52
6 LiOtBu CH2Cl2 63 79
7 NaOtBu CH2Cl2 84 25
8 KOtBu CH2Cl2 43 1


[a] Isolated yield. [b] Determined by chiral HPLC.


Table 2. Effect of the counter anion of the lithium salt.


Entry Lithium salt Yield[a] ee[b]


1 LiCl 89 60
2 LiBr 62 79
3 LiI 51 77
4 LiBF4 52 85
5 LiPF6 86 78
6 LiOTf 75 88
7 LiNTf2 85 85
8 LiClO4 95 88


[a] Isolated yield. [b] Determined by chiral HPLC.
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Next, we tested the conjugate addition of various kinds of
nucleophiles to chalcone derivatives (Table 4). The reactions
of various dialkyl malonates proceeded in excellent yields
with good selectivities (entries 1–3). Di-tert-butyl malonate
could also be employed when LiOtBu was used in place of
LiClO4 (entry 4). Interestingly, the reaction did not proceed
with more acidic 1,3-dicarbonyl compounds such as ketoest-
ers, diketones, or cyclic esters (data not shown). Bisnitrile
gave the addition product but with no enantioselectivity
(entry 5). Using dimethyl malonate as the nucleophile, the
scope of the reaction was investigated in terms of the elec-
trophiles that could be applied (entries 6–14). Chalcone de-
rivatives with both electron-donating (Me, OMe) and elec-
tron-withdrawing (Cl, F, NO2) substituents on their aryl moi-
eties could be successfully used as substrates without alter-
ing the enantioselectivity (entries 6–11). Reaction with coor-


dinative substrates, such as those bearing 2-furyl and 2-
pyridyl substituents, proceeded without any decrease in se-
lectivity (entries 12 and 13). Substitution of the aryl ring at
the a-position was also tolerated (entry 14).
To shed light on the possible structure of the catalyst and


the catalytic mechanism, we first examined the 1H and
31P NMR spectra of complexes of 1a and LiClO4 in various
stoichiometric ratios (Figure 2). The chemical shift of the
benzylic proton changed when 0.5 equiv of LiClO4 was
added to 1a (Figure 2a), implying the formation of a 1a :Li
chemical species with a molar ratio of 2:1 when less than
1.0 equiv of lithium salt was added. In both the 1H and
31P NMR spectra, saturation was observed when 1.0 equiv of
LiClO4 was added to 1a, indicating 1:1 stoichiometric com-
plexation of LiClO4 and 1a.


We next investigated the de-
pendence of the yield and ee on
the 1a/LiClO4 ratio (Figure 3).
In accordance with the 31P and
1H NMR findings, the selectivi-
ty was highest when a 1:1 ratio
of 1a and LiClO4 was used. A
loading of LiClO4 of less than
1.0 equiv with respect to 1a re-
sulted in a significant decrease
in the yield.
Combined with the above


NMR findings, this result could
be interpreted as follows. In the
presence of 0.5 equiv of Li salt,
1a forms an inactive 2:1 1a/
LiClO4 species, whereas when
1.0 equiv of Li salt is added to
1a, an active and stereoselec-
tive 1:1 1a/LiClO4 complex is
generated (Scheme 3).
Because the bisphosphazide


had to be added to achieve
product formation, it presuma-
bly deprotonates the dialkyl


Table 3. Catalysis using other bases.[a]


Entry Base Yield[b] ee[c]


1 1a 95 88
2 1b 82 88
3 1c 99 34
4 1d 82 89
5 2 3 1
6 3a 68 12
7 3a[d] 92 2
8 – 0 –


[a] Unless otherwise noted, reactions were carried out at �40 8C for 48 h
in the presence of trans-chalcone (1.0 equiv), dimethyl malonate
(2.0 equiv), base (10 mol%), and LiClO4 (10 mol%). [b] Isolated yield of
4a. [c] Determined by chiral HPLC. [d] Without LiClO4.


Table 4. Bisphosphazide-catalyzed conjugate additions of nucleophilic enols to enones.[a]


Entry Substrate Product Yield[b] ee[c]


1 EWG=COOEt (4b) >99 79 (S)
2 =COOiPr (4c) 96 84 (S)
3 =COOBn (4d) 85 80 (S)
4[d] =COOtBu (4e) 94 71
5 =CN (4 f) >99 1


6 Ar=4-MeC6H4 Ar=4-MeC6H4 (4g) 66 87
7 =4-MeOC6H4 =4-MeOC6H4 (4h) 84 88
8 =4-ClC6H4 =4-ClC6H4 (4 i) 86 84
9 =4-FC6H4 =4-FC6H4 (4j) 54 85
10 =4-NO2C6H4 =4-NO2C6H4 (4k) >99 88
11 =2-ClC6H4 =2-ClC6H4 (4 l) >99 89
12 =2-furyl =2-furyl (4m) 41 88
13 =2-pyridyl =2-pyridyl (4n) 98 88


14 Ar=4-ClC6H4 Ar=4-ClC6H4 (4o) 92 83


[a] Unless otherwise noted, reactions were carried out at �40 8C for 48 h in the presence of trans-chalcone
(1.0 equiv), dimethyl malonate (2.0 equiv), 1a (10 mol%), and LiClO4 (10 mol%). [b] Isolated yield. [c] Deter-
mined by chiral HPLC. [d] LiOtBu (10 mol%) was used instead of LiClO4.


Figure 2. a) 1H NMR titration of 1a with LiClO4 in CD2Cl2 (benzylic
region) at 25 8C. b) 31P NMR titration of 1a with LiClO4 in CD2Cl2 at
25 8C.
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malonate to form an enolate
nucleophile. The reaction with
the bisphosphazide catalyst
alone gave poor enantioselec-
tivity; equimolar addition of
the lithium salt to the bisphos-
phazide was necessary for high
enantioselectivity. This result
suggests that the 1:1 1a/LiClO4


complex (Scheme 3) is involved
in the catalytic cycle. The fact
that relatively acidic lithium
salts gave better enantioselec-
tivities further implies that the
lithium cation complexed with
the bisphosphazide plays a
Lewis acidic role in the efficient
stereoselective reaction. Al-
though details of the reaction


mechanism of this enantioselective conjugate addition
remain unclear, a possible catalytic cycle is shown in
Scheme 4.
In the reaction mixture, the 1:1 1a/LiClO4 complex readi-


ly reacts with the dialkyl malonate to form a chiral enolate
species and protonated phosphazide. The chiral enolate spe-
cies reacts with the chalcone, possibly through acid-base
dual activation,[11b] whereby the protonated phosphazenium
center serves as an acid for the electrophilic activation of
the enone, and the bisphosphazide serves as a base for the
lithium enolate (Scheme 5a). A putative transition state is
presented in Scheme 5b.
Overall, the bisphosphazide serves as a dual base, as a


Lewis base for the lithium enolate, and as a Brønsted base
for the deprotonation of the dialkyl malonate to form a
chiral nucleophile. The resulting protonated bisphosphazide
may thus serve as an acid-base dual activator. Further crys-
tallographic, spectroscopic, and computational studies aimed
at elucidating the origin of the selectivity are underway.


Conclusion


A novel chiral bisphosphazide (1a) has been developed for
the enantioselective catalytic 1,4-addition of malonates to
acyclic enones using controlled complexation with lithium
salts. Spectroscopic studies on the stoichiometry of the com-
plex formed between the bisphosphazide and the lithium
salt suggest the formation of a 1:1 species as the active and
selective catalyst. Both the bisphosphazide and the lithium
salt proved necessary for obtaining high catalytic activity
and enantioselectivity, suggesting that the bisphosphazide
serves as a dual base, that is, both as a Lewis base and as a
Brønsted base. We suggest that the phosphazide moiety rep-
resents a promising dual basic functionality for stereoselec-


Figure 3. Dependence of yield (*) and ee (&) on the LiClO4/1a ratio. The
reaction was carried out at �40 8C for 48 h in the presence of 1.0 equiv of
chalcone, 2.0 equiv of dimethyl malonate, 10 mol% of 1a, and 0, 3, 5, 7,
9, 10, 12, 15, or 20 mol% of LiClO4.


Scheme 3. Possible species formed from 1a and LiClO4 (0.5 or 1.0 equiv).


Scheme 4. Proposed catalytic cycle.
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tive catalytic transformations. Further studies to extend the
scope of the reaction and to improve the enantioselectivity,
employing phosphazides with other chiral frameworks, are
underway.


Experimental Section


Reactions were carried out under Ar atmosphere using dry solvents.
Melting points (m.p.) were determined with a Yazawa micro melting
point apparatus and are uncorrected. Infrared (IR) data were recorded
on a SensIR ATR (attenuated total reflectance) FT-IR spectrometer. The
spectra were each acquired in 32 scans at a resolution of four using the
ReactIR 2.20 software system. Absorbance frequencies are reported in
cm�1. NMR data were recorded on either a JEOL AL400 spectrometer
(395.75 MHz for 1H, 99.50 MHz for 13C) or a JEOL ECA600 spectrome-
ter (600.172 MHz for 1H, 150.907 for 13C, 242.956 MHz for 31P). Chemical
shifts are expressed in d values (parts per million, ppm), and coupling
constants are expressed in Hertz (Hz). 1H NMR spectra were referenced
to tetramethylsilane as an internal standard or to a solvent signal (CHCl3
in CDCl3: 7.26 ppm, CHDCl2 in CD2Cl2: 5.32 ppm, or C6HD5 in C6D6:
7.15 ppm). 13C NMR spectra were referenced to tetramethylsilane as an
internal standard or to a solvent signal (CDCl3: 77.0 ppm, CD2Cl2:
53.8 ppm, or C6D6: 128.0 ppm). 31P NMR spectra were referenced to ex-
ternal 85% H3PO4 in D2O. The following abbreviations are used: s= sin-
glet, d=doublet, t= triplet, q=quartet, m=multiplet, dd=double dou-
blet, dt=double triplet, td= triple doublet, dq=double quartet, br s=


broad singlet. Low- and high-resolution mass spectra (LRMS and
HRMS) were obtained on JEOL JMS-DX303 and JMS-700 spectrome-
ters, respectively, at the Mass Spectrometry Resource, Graduate School
of Pharmaceutical Sciences, Tohoku University. Analytical HPLC was
performed using Daicel Chiralpak AD. The samples of 4 subjected to
HPLC were the purified products from column chromatography on silica
gel.


Materials : Unless otherwise noted, materials were purchased from Tokyo
Kasei Co., Aldrich Inc., or other commercial suppliers, and were used
after appropriate purification (distillation or recrystallization). (R,R)-(+)-


Hydrobenzoin was obtained from Kanto Chemical Co. Ltd. Flash column
chromatographies were performed on Kanto silica gel 60N (spherical,
neutral, 70–230 mesh).


Representative procedure for the preparation of catalysts : ACHTUNGTRENNUNG(1S,2S)-Bis-
ACHTUNGTRENNUNG[tris(dimethylamino)phosphazido]-1,2-diphenylethane (1a): For use as a
reagent : Under Ar atmosphere, tris(dimethylamino)phosphine (325.9 mg,
2.0 mmol) was added to a solution of (+)-(1S,2S)-1,2-diphenylethane-1,2-
diazide (264.3 mg, 1.00 mmol) in benzene (1.5 mL) at room temperature.
After stirring the mixture for 20 h at the same temperature, further dry
benzene (1.0 mL) was added to give a 0.20m solution of 1a. Quantitative
conversion was confirmed by 31P NMR analysis.


For analysis : Under Ar atmosphere, tris(dimethylamino)phosphine
(325.9 mg, 2.00 mmol) was added to a solution of (+)-(1S,2S)-1,2-diphe-
nylethane-1,2-diazide (263.0 mg, 0.995 mmol) in benzene (1.5 mL) in a
20 mL Schlenk tube at room temperature. The mixture was stirred for
21 h at the same temperature. It was then concentrated under reduced
pressure and 1a was isolated in a glove box (517.0 mg, 88%). The prod-
uct was recrystallized from toluene/hexane as colorless needles. M.p. 96–
97 8C; 1H NMR (400 MHz, CD2Cl2): d=2.61 (d, J=9.2 Hz, 36H), 5.13 (s,
2H), 6.95–7.12 (m, 6H), 7.15–7.25 ppm (m, 4H); 13C{1H} NMR
(150 MHz, CD2Cl2): d=36.8, 78.7, 125.4, 127.0, 128.7, 141.9 ppm; 31P{1H}
NMR (243 MHz, CD2Cl2): d=41.5 ppm (s); 31P NMR (243 MHz,
CD2Cl2): d=41.5 ppm (septet, J=9.2 Hz); IR (neat): ñ=2917, 2890,
2846, 2806, 1451, 1293, 1109, 974, 737, 699 cm�1; LRMS (FAB): m/z : 591
[M+1]+ ; HRMS: m/z : calcd for C26H49N12P2: 591.3678; found: 591.3683.


ACHTUNGTRENNUNG(1S,2S)-Bis ACHTUNGTRENNUNG[tris(diethylamino)phosphazido]-1,2-diphenylethane (1b):
Yellow oil; 1H NMR (400 MHz, CDCl3/TMS): d=1.00 (t, J=7.1 Hz,
36H), 2.98–3.09 (m, 24H), 5.30 (s, 2H), 6.92–7.05 (m, 6H), 7.15–7.22 ppm
(m, 4H); 13C{1H} NMR (100 MHz, C6D6/TMS): d=13.8 (d, J=2.5 Hz),
39.7 (d, J=3.3 Hz), 80.8, 125.8, 127.6, 129.8, 143.7 ppm; 31P{1H} NMR
(243 MHz, CD2Cl2): d =42.4 ppm (s); 31P NMR (243 MHz, CD2Cl2): d=


42.5 ppm (nonet, J=9.7 Hz); IR (neat): ñ =2917, 2890, 2846, 2806, 1451,
1293, 1109, 974, 737, 699 cm�1; LRMS (FAB): m/z : 760 [M+1]+ ; HRMS:
m/z : calcd for C38H73N12P2: 759.5556; found: 759.5552.


ACHTUNGTRENNUNG(1S,2S)-Bis ACHTUNGTRENNUNG[tris(dibutylamino)phosphazido]-1,2-diphenylethane (1c):
Yellow oil; 1H NMR (400 MHz, CDCl3/TMS): d=0.95 (t, J=7.2 Hz,
36H), 1.16–1.34 (m, 24H), 1.54–1.67 (m, 24H), 3.00–3.14 (m, 24H), 5.61
(s, 2H), 6.94–7.01 (m, 2H), 7.06–7.27 (m, 6H), 7.52–7.56 ppm (m, 2H);
13C{1H} NMR (100 MHz, C6D6/TMS): d =14.3, 20.9, 31.1 (d, J=2.5 Hz),
46.5 (d, J=2.5 Hz), 81.0, 125.8, 127.6, 129.8, 144.1 ppm; 31P{1H} NMR
(243 MHz, CD2Cl2): d =41.9 ppm (s); 31P NMR (243 MHz, CD2Cl2): d=


41.9 ppm (nonet, J=9.9 Hz); IR (neat): ñ =2958, 2933, 2873, 1617, 1455,
1329, 1160, 1034, 926, 812, 698, 677 cm�1; LRMS (FAB): m/z : 1096
[M+1]+ ; HRMS: m/z : calcd for C62H121N12P2: 1095.9312; found:
1095.9342.


ACHTUNGTRENNUNG(1S,2S)-Bis ACHTUNGTRENNUNG[tris(pyrrolidino)phosphazido]-1,2-diphenylethane (1d):
Yellow oil ; 1H NMR (400 MHz, CDCl3/TMS): d=1.67–1.75 (m, 24H),
3.10–3.20 (m, 24H), 5.26 (s, 2H), 6.93–7.06 (m, 6H), 7.15–7.21 ppm (m,
4H); 13C{1H} NMR (100 MHz, CDCl3/TMS): d=26.5 (d, J=6.4 Hz), 47.2
(d, J=2.5 Hz), 81.6, 125.9, 127.7, 129.7, 143.6 ppm; 31P{1H} NMR
(243 MHz, CDCl3): d=31.5 ppm (s); 31P NMR (243 MHz, CDCl3): d=


31.3–31.6 ppm (m); IR (neat): ñ=2958, 2865, 2850, 1445, 1204, 1111,
1069, 1009, 754, 697 cm�1; LRMS (FAB): m/z : 748 [M+1]+ ; HRMS: m/z :
calcd for C38H61N12P2: 747.4617; found: 747.4630.


Representative procedure for the conjugate addition of dialkyl malonates
to chalcones : 2-(3-Oxo-1,3-diphenyl-propyl)-malonic acid dimethyl ester
(4a):[12a, 13b,14] A solution of trans-chalcone (104.1 mg, 0.50 mmol) in
CH2Cl2 (0.5 mL) was added dropwise to a mixture of LiClO4 (5.3 mg,
0.05 mmol), 1a (0.25 mL, 0.20m in benzene, 0.05 mmol), and dimethyl
malonate (132.1 mg, 1.00 mmol) in CH2Cl2 (0.5 mL) at �40 8C under an
Ar atmosphere. The reaction mixture was stirred for 48 h, then quenched
with saturated NH4Cl solution and extracted with AcOEt. The organic
layer was washed with brine, dried over MgSO4, and concentrated using
a rotary evaporator to afford the crude product. Purification by column
chromatography on silica gel (0!15% AcOEt in hexane) afforded 4a.
The product was recrystallized from Et2O/hexane as colorless needles.
M.p. 84–85 8C; [a]29D =++24.20 (c=1.01 in CHCl3) (lit. :[14] [a]25D =++17.7
(c=1.2 in CHCl3));


1H NMR (400 MHz, CDCl3/TMS): d=3.48 (dd, J=


Scheme 5. a) Acid-base dual activation in a putative transition state.
b) 3D representation of the putative transition state.
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16.8, 8.8 Hz, 1H), 3.51 (s, 3H), 3.55 (dd, J=16.8, 5.2 Hz, 1H), 3.73 (s,
3H), 3.86 (d, J=9.6 Hz, 1H), 4.19 (dt, J=9.2, 5.2 Hz, 1H), 7.14–7.29 (m,
5H), 7.42 (t, J=7.6 Hz, 2H), 7.53 (tt, J=7.6, 1.6 Hz, 1H), 7.87–7.92 ppm
(m, 2H); IR (neat): ñ=2954, 2844, 1727, 1681, 1432, 1233, 1158, 1025,
747, 687 cm�1; LRMS (EI): m/z : 340 [M+]; HRMS: m/z : calcd for
C20H20O5: 340.1311; found: 340.1307; elemental analysis calcd (%) for
C20H20O5: C 70.57, H 5.92; found: C 70.45, H 5.97; HPLC (Daicel Chiral-
pak AD, isopropanol/hexane 10:90, flow rate 1.0 mLmin�1, l=254 nm):
tR=28.4 min (minor enantiomer), tR=35.2 min (major enantiomer).


2-(3-Oxo-1,3-diphenyl-propyl)-malonic acid diethyl ester (4b):[13b,14] Re-
crystallized from Et2O/hexane, colorless needles; m.p. 73–74 8C; [a]31D =


+22.50 (c=1.01 in CHCl3) (lit. :[14] [a]25D =++17.5 (c=0.8 in CHCl3));
1H NMR (400 MHz, CDCl3/TMS): d=1.01 (t, J=7.1 Hz, 3H), 1.24 (t, J=


7.1 Hz, 3H), 3.45 (dd, J=16.6, 9.0 Hz, 1H), 3.54 (dd, J=16.6, 4.6 Hz,
1H), 3.82 (d, J=9.8 Hz, 1H), 3.95 (q, J=7.1 Hz, 2H), 4.13–4.24 (m, 3H),
7.13–7.30 (m, 5H), 7.38–7.55 (m, 3H), 7.86–7.92 ppm (m, 2H); IR (neat):
ñ=2983, 1721, 1679, 1293, 1239, 1167, 1030, 745, 700, 687 cm�1; LRMS
(EI): m/z : 368 [M+]; HRMS: m/z : calcd for C22H24O5: 368.1624; found:
368.1612; elemental analysis calcd (%) for C22H24O5: C 71.72, H 6.57;
found: C 71.72, H 6.42; HPLC (Daicel Chiralpak AD, isopropanol/
hexane 10:90, flow rate 1.0 mLmin�1, l =254 nm): tR=22.4 min (minor
enantiomer), tR=39.1 min (major enantiomer).


2-(3-Oxo-1,3-diphenyl-propyl)-malonic acid diisopropyl ester (4c):[13b,14]


Recrystallized from Et2O/hexane, colorless needles; m.p. 88–89 8C;
[a]31D =++15.80 (c=1.01 in CHCl3) (lit. :[14] [a]25D =++21.3 (c=0.7 in
CHCl3));


1H NMR (400 MHz, CDCl3/TMS): d =0.97 (d, J=6.3 Hz, 3H),
1.04 (d, J=6.3 Hz, 3H), 1.24 (d, J=6.3 Hz, 6H), 3.43 (dd, J=16.5,
9.5 Hz, 1H), 3.53 (dd, J=16.5, 4.1 Hz, 1H), 4.15 (dt, J=9.7, 4.1 Hz, 1H),
4.79 (sept, J=6.3 Hz, 1H), 5.07 (sept, J=6.3 Hz, 1H), 7.12–7.28 (m, 5H),
7.38–7.44 (m, 2H), 7.49–7.54 (m, 1H), 7.86–7.91 ppm (m, 2H); IR (neat):
ñ=2983, 2935, 1721, 1683, 1281, 1235, 1104, 750, 702, 691 cm�1; LRMS
(EI): m/z : 396 [M+]; HRMS: m/z : calcd for C24H28O5: 396.1937; found:
396.1928; elemental analysis calcd (%) for C24H28O5: C 72.70, H 7.12;
found: C 72.58, H 7.09; HPLC (Daicel Chiralpak AD, isopropanol/
hexane 10:90, flow rate 1.0 mLmin�1, l =254 nm): tR=12.88 min (minor
enantiomer), tR=24.82 min (major enantiomer).


2-(3-Oxo-1,3-diphenyl-propyl)-malonic acid dibenzyl ester (4d):[13b,14] Re-
crystallized from Et2O/hexane, colorless needles; m.p. 106–107 8C; [a]31D =


+16.20 (c=1.01 in CHCl3) (lit. :[14] [a]25D =++18.4 (c=1.0 in CHCl3));
1H NMR (400 MHz, CDCl3/TMS): d =3.49 (d, J=6.4 Hz, 2H), 3.94 (d,
J=9.5 Hz, 1H), 4.18–4.25 (m, 1H), 4.90 (s, 2H), 5.11 (d, J=12.2 Hz,
1H), 5.16 (d, J=12.2 Hz, 1H), 7.04–7.42 (m, 17H), 7.48–7.53 (m, 1H),
7.77–7.82 ppm (m, 2H); IR (neat): ñ =3346, 3031, 1733, 1681, 1229, 1152,
1011, 965, 741, 699 cm�1; LRMS (EI): m/z : 492 [M+]; HRMS: m/z : calcd
for C32H28O5: 492.1937; found: 492.1957; elemental analysis calcd (%) for
C32H28O5: C 78.03, H 5.73; found: C 77.99, H 5.86; HPLC (Daicel Chiral-
pak AD, isopropanol/hexane 10:90, flow rate 1.0 mLmin�1, l=254 nm):
tR=38.86 min (minor enantiomer), tR=73.36 min (major enantiomer).


2-(3-Oxo-1,3-diphenylpropyl)-malonic acid di-tert-butyl ester (4e):[16] Re-
crystallized from Et2O/hexane, colorless needles; m.p. 117–118 8C; [a]31D =


+8.57 (c=0.75 in CHCl3);
1H NMR (400 MHz, CDCl3/TMS): d=1.19 (s,


9H), 1.46 (s, 9H), 3.39 (dd, J=16.4, 9.9 Hz, 1H), 3.51 (dd, J=16.4,
3.9 Hz, 1H), 3.64 (d, J=10.1 Hz, 1H), 4.07 (dt, J=10.0, 3.9 Hz, 1H),
7.11–7.17 (m, 1H), 7.19–7.27 (m, 4H), 7.38–7.44 (m, 2H), 7.49–7.54 (m,
1H), 7.87–7.91 ppm (m, 2H); IR (neat): ñ =2979, 1735, 1719, 1683, 1368,
1246, 1138, 741, 700, 687 cm�1; LRMS (EI): m/z : 368 [M�56]+ ; HRMS:
m/z : calcd for C26H32O5: 368.1624; found: 368.1635; elemental analysis
calcd (%) for C26H32O5: C 73.56, H 7.60; found: C 73.57, H 7.57; HPLC
(Daicel Chiralpak AD, isopropanol/hexane 5:95, flow rate 1.0 mLmin�1,
l=254 nm): tR=12.15 min (minor enantiomer), tR=41.15 min (major en-
antiomer).


2-(3-Oxo-1,3-diphenylpropyl)-malononitrile (4 f):[13b,14] Recrystallized
from CH2Cl2/hexane, colorless needles; m.p. 125–126 8C; 1H NMR
(400 MHz, CDCl3/TMS): d=3.65 (dd, J=18.6, 5.3 Hz, 1H), 3.72 (d, J=


18.6, 8.5 Hz, 1H), 3.96 (dt, J=8.5, 5.1 Hz, 1H), 4.66 (d, J=5.1 Hz, 1H),
7.35–7.54 (m, 7H), 7.60–7.66 (m, 1H), 7.96–8.00 ppm (m, 2H); IR (neat):
ñ=2919, 2900, 2256, 1681, 1449, 1233, 762, 748, 700, 690 cm�1; LRMS
(EI): m/z : 274 [M+]; HRMS: m/z : calcd for C18H14N2O: 274.1106; found:


274.1099; elemental analysis calcd (%) for C18H14N2O: C 78.81, H 5.14, N
10.21; found: C 78.81, H 5.34, N 10.07; HPLC (Daicel Chiralpak AD, iso-
propanol/hexane 10:90, flow rate 1.0 mLmin�1, l =254 nm): tR=


20.10 min (major enantiomer), tR=27.67 min (minor enantiomer).


2-[3-Oxo-3-phenyl-1-(4-tolyl)-propyl]-malonic acid dimethyl ester (4g):[17]


Recrystallized from Et2O/hexane, colorless needles; m.p. 75–76 8C;
1H NMR (400 MHz, CDCl3/TMS): d=2.26 (s, 3H), 3.40–3.57 (m, 5H),
3.72 (s, 3H), 3.83 (d, J=9.5 Hz, 1H), 4.15 (dt, J=9.1, 5.1 Hz, 1H), 7.04
(d, J=8.3 Hz, 2H), 7.13 (d, J=8.3 Hz, 2H), 7.39–7.46 (m, 2H), 7.50–7.56
(m, 1H), 7.88–7.93 ppm (m, 2H); IR (neat): ñ=2954, 1729, 1681, 1233,
1208, 1194, 1160, 1025, 820, 688 cm�1; LRMS (EI): m/z : 354 [M+];
HRMS: m/z : calcd for C21H22O5: 354.1467; found: 354.1478; elemental
analysis calcd (%) for C21H22O5: C 71.17, H 6.26; found: C 70.71, H 6.10;
HPLC (Daicel Chiralpak AD, isopropanol/hexane 10:90, flow rate
1.0 mLmin�1, l =254 nm): tR=24.0 min (minor enantiomer), tR=31.6 min
(major enantiomer).


2-[1-(4-Methoxyphenyl)-3-oxo-3-phenylpropyl]-malonic acid dimethyl
ester (4h):[17,18] Recrystallized from Et2O/hexane, colorless needles; m.p.
81–82 8C; 1H NMR (400 MHz, CDCl3/TMS): d =3.43 (dd, J=16.6, 8.9 Hz,
1H), 3.52 (dd, J=16.6, 4.8 Hz, 1H), 3.52 (s, 3H), 3.73 (s, 3H), 3.74 (s,
3H), 3.82 (d, J=9.4 Hz, 1H), 4.10–4.18 (m, 1H), 6.75–6.81 (m, 2H),
7.14–7.20 (m, 2H), 7.40–7.46 (m, 2H), 7.50–7.56 (m, 1H), 7.88–7.92 ppm
(m, 2H); IR (neat): ñ=2954, 1729, 1681, 1515, 1231, 1179, 1158, 1025,
754, 729, 686 cm�1; LRMS (EI): m/z : 370 [M+]; HRMS: m/z : calcd for
C21H22O6: 370.1416; found: 370.1413; elemental analysis calcd (%) for
C21H22O6: C 68.10, H 5.99; found: C 67.63, H 6.00; HPLC (Daicel Chiral-
pak AD, isopropanol/hexane 10:90, flow rate 1.0 mLmin�1, l=254 nm):
tR=51.76 min (minor enantiomer), tR=75.66 min (major enantiomer).


2-[1-(4-Chlorophenyl)-3-oxo-3-phenylpropyl]-malonic acid dimethyl ester
(4 i): Recrystallized from Et2O/hexane, colorless needles; m.p. 87–88 8C;
1H NMR (400 MHz, CDCl3/TMS): d =3.45 (dd, J=17.0, 8.9 Hz, 1H),
3.53 (dd, J=17.0, 4.8 Hz, 1H), 3.53 (s, 3H), 3.74 (s, 3H), 3.82 (d, J=


9.2 Hz, 1H), 4.17 (dt, J=9.2, 4.8 Hz, 1H), 7.18–7.26 (m, 4H), 7.40–7.47
(m, 2H), 7.52–7.58 (m, 1H), 7.87–7.92 ppm (m, 2H); 13C{1H} NMR
(100 MHz, CDCl3/TMS): d=40.1, 42.1, 52.5, 52.7, 57.0, 128.0, 128.6,
128.6, 129.5, 133.0, 133.2, 136.6, 139.0, 168.0, 168.5, 197.2 ppm; IR (neat):
ñ=2956, 1729, 1681, 1235, 1162, 1023, 827, 752, 685, 665 cm�1; LRMS
(EI): m/z : 374 [M+]; HRMS: m/z : calcd for C20H19O5Cl: 374.0921; found:
374.0904; elemental analysis calcd (%) for C20H19O5Cl: C 64.09, H 5.11;
found: C 63.97, H 5.11; HPLC (Daicel Chiralpak AD, isopropanol/
hexane 10:90, flow rate 1.0 mLmin�1, l =254 nm): tR=32.86 min (minor
enantiomer), tR=52.03 min (major enantiomer).


2-[1-(4-Fluorophenyl)-3-oxo-3-phenylpropyl]-malonic acid dimethyl ester
(4 j): Recrystallized from Et2O/hexane, colorless needles; m.p. 85–86 8C;
1H NMR (400 MHz, CDCl3/TMS): d =3.44 (dd, J=16.9, 8.9 Hz, 1H),
3.40–3.57 (m, 5H), 3.72 (s, 3H), 3.83 (d, J=9.5 Hz, 1H), 4.15 (dt, J=9.1,
5.1 Hz, 1H), 7.04 (d, J=8.3 Hz, 2H), 7.13 (d, J=8.3 Hz, 2H), 7.39–7.46
(m, 2H), 7.50–7.56 (m, 1H), 7.88–7.93 ppm (m, 2H); 13C{1H} NMR
(100 MHz, CDCl3/TMS): d =40.1, 42.3, 52.4, 52.7, 57.2, 115.3 (d, J=


21.3 Hz), 128.1, 128.6, 129.7 (d, J=7.8 Hz), 129.8, 133.1 (d, J=3.3 Hz),
136.7, 161.8 (d, J=245.8 Hz), 168.0, 168.6, 197.3 ppm; IR (neat): ñ =2954,
1729, 1681, 1233, 1208, 1194, 1160, 1025, 820, 688 cm�1; LRMS (EI): m/z :
354 [M+]; HRMS: m/z : calcd for C21H22O5: 354.1467; found: 354.1478;
elemental analysis calcd (%) for C21H22O5: C 67.03, H 5.34; found: C
66.74, H 5.37; HPLC (Daicel Chiralpak AD, isopropanol/hexane 10:90,
flow rate 1.0 mLmin�1, l =254 nm): tR=24.0 min (minor enantiomer),
tR=31.6 min (major enantiomer).


2-[1-(4-Nitrophenyl)-3-oxo-3-phenylpropyl]-malonic acid dimethyl ester
(4k):[18] Recrystallized from Et2O/hexane, colorless needles; m.p. 77–
78 8C; 1H NMR (400 MHz, CDCl3/TMS): d=3.50–3.63 (m, 5H), 3.75 (s,
3H), 3.89 (d, J=9.1 Hz, 1H), 4.31 (dt, J=8.9, 5.1 Hz, 1H), 7.41–7.50 (m,
4H), 7.53–7.79 (m, 1H), 7.86–7.92 (m, 2H), 8.10–8.16 ppm (m, 2H); IR
(neat): ñ =2954, 1731, 1684, 1517, 1345, 1256, 1152, 856, 748, 688 cm�1;
LRMS (EI): m/z : 385 [M+]; HRMS: m/z : calcd for C20H19NO7: 385.1162;
found: 385.1154; elemental analysis calcd (%) for C20H19NO7: C 62.33, H
4.97, N 3.63; found: C 62.08, H 5.05, N 3.40; HPLC (Daicel Chiralpak
AD, isopropanol/hexane 30:70, flow rate 1.0 mLmin�1, l=254 nm): tR=


29.3 min (minor enantiomer), tR=59.7 min (major enantiomer).
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2-[1-(2-Chlorophenyl)-3-oxo-3-phenylpropyl]-malonic acid dimethyl ester
(4 l):[18] Pale-yellow oil; 1H NMR (400 MHz, CDCl3/TMS): d=3.57–3.76
(m, 8H), 4.10 (d, J=8.4 Hz, 1H), 4.67 (dt, J=8.6, 4.8 Hz, 1H), 7.10–7.19
(m, 2H), 7.27–7.37 (m, 2H), 7.40–7.46 (m, 2H), 7.51–7.57 (m, 1H), 7.90–
7.95 ppm (m, 2H); IR (neat): ñ=2954, 1733, 1684, 1436, 1227, 1154,
1021, 750, 690 cm�1; LRMS (EI): m/z : 374 [M+]; HRMS: m/z : calcd for
C20H19ClO5: 374.0921; found: 374.0929; HPLC (Daicel Chiralpak AD,
isopropanol/hexane 10:90, flow rate 1.0 mLmin�1, l =254 nm): tR=


17.5 min (minor enantiomer), tR=19.6 min (major enantiomer).


2-(1-Furan-2-yl-3-oxo-3-phenylpropyl)-malonic acid dimethyl ester (4m):
Recrystallized from Et2O/hexane, colorless crystals; m.p. 40–41 8C;
1H NMR (400 MHz, CDCl3/TMS): d =3.47 (dd, J=17.1, 4.8 Hz, 1H),
3.58 (dd, J=17.1, 8.5 Hz, 1H), 3.64 (s, 3H), 3.73 (s, 3H), 4.30–4.37 (m,
1H), 6.09–6.13 (m, 1H), 6.21–6.24 (m, 1H), 7.25–7.28 (m, 1H), 7.42–7.48
(m, 2H), 7.51–7.58 (m, 1H), 7.92–7.98 ppm (m, 2H); 13C{1H} NMR
(100 MHz, CDCl3/TMS): d=10.9, 34.3, 39.6, 52.6, 54.8, 107.0, 110.3,
128.1, 128.6, 133.2, 136.6, 141.7, 153.4, 168.2, 168.4, 197.2 ppm; IR (neat):
ñ=2960, 2921, 1744, 1735, 1683, 1256, 1158, 1146, 1007, 760, 727,
686 cm�1; LRMS (EI): m/z : 330 [M+]; HRMS: m/z : calcd for C18H18O6:
330.1103; found: 330.1103; elemental analysis calcd (%) for C18H18O6: C
65.45, H 5.49; found: C 65.56, H 5.62; HPLC (Daicel Chiralcel OD, iso-
propanol/hexane 5:95, flow rate 1.0 mLmin�1, l=254 nm): tR=15.80 min
(minor enantiomer), tR=16.92 min (major enantiomer).


2-[3-Oxo-3-phenyl-1-(pyridin-2-yl)-propyl]-malonic acid dimethyl ester
(4n): Recrystallized from Et2O/hexane, colorless crystals; m.p. 74–75 8C;
1H NMR (400 MHz, CDCl3/TMS): d =3.42 (dd, J=17.6, 3.9 Hz, 1H),
3.54 (s, 3H), 3.74 (s, 3H), 3.79 (dd, J=17.6, 9.5 Hz, 1H), 4.11 (d, J=


9.6 Hz, 1H), 4.32 (dt, J=9.5, 3.9 Hz, 1H), 7.05–7.09 (m, 1H), 7.34–7.45
(m, 3H), 7.49–7.60 (m, 2H), 7.88–7.93 (m, 2H), 8.44–8.47 ppm (m, 1H);
13C{1H} NMR (100 MHz, CDCl3/TMS): d=41.5, 41.7, 52.3, 52.6, 55.8,
121.9, 124.8, 128.1, 128.5, 133.0, 136.2, 136.7, 149.0, 160.3, 168.4, 169.0,
197.7 ppm; LRMS (EI): m/z : 341 [M+]; HRMS: m/z : calcd for
C19H19NO5: 341.1263; found: 341.1254; elemental analysis calcd (%) for
C19H19NO5: C 66.85, H 5.61, N 4.10; found: C 66.82, H 5.84, N 3.85;
HPLC (Daicel Chiralpak AD, isopropanol/hexane 10:90, flow rate
1.0 mLmin�1, l =254 nm): tR=30.6 min (minor enantiomer), tR=52.2 min
(major enantiomer).


2-[3-(4-Chlorophenyl)-3-oxo-1-phenylpropyl]-malonic acid dimethyl ester
(4o): Recrystallized from Et2O/hexane, colorless needles; m.p. 71–72 8C;
1H NMR (400 MHz, CDCl3/TMS): d =3.42 (dd, J=16.9, 8.9 Hz, 1H),
3.51 (s, 3H), 3.53 (dd, J=16.9, 4.8 Hz, 1H), 3.73 (s, 3H), 3.84 (d, J=


9.2 Hz, 1H), 4.16 (dt, J=9.2, 4.8 Hz, 1H), 7.15–7.28 (m, 5H), 7.36–7.43
(m, 2H), 7.81–7.86 ppm (m, 2H); 13C{1H} NMR (100 MHz, CDCl3/TMS):
d=40.8, 42.3, 52.4, 52.6, 57.2, 127.3, 128.0, 128.5, 128.9, 129.5, 135.1,
139.5, 140.2, 168.1, 168.7, 196.4 ppm; IR (neat): ñ =2954, 1727, 1681,
1235, 1210, 1154, 1090, 1025, 825, 702 cm�1; LRMS (EI): m/z : 374 [M+];
HRMS: m/z : calcd for C20H19O5Cl: 374.0921; found: 374.0931; elemental
analysis calcd (%) for C20H19O5Cl: C 64.09, H 5.11; found: C 63.92, H
5.07; HPLC (Daicel Chiralpak AD, isopropanol/hexane 10:90, flow rate
1.0 mLmin�1, l =254 nm): tR=36.86 min (minor enantiomer), tR=


51.84 min (major enantiomer).


NMR spectroscopic analyses for the titration of 1a with LiClO4 :
1H and


31P NMR spectra were obtained on a JEOL ECA600 spectrometer
(600.172 MHz for 1H, 242.956 MHz for 31P). Unless otherwise noted,
spectra were recorded from approximately 0.10m solutions of the samples
in CD2Cl2 at 25 8C.


1H NMR spectra were referenced to a solvent signal
(CHDCl2, 5.32 ppm). 31P NMR spectra were referenced to external 85%
H3PO4 in D2O.
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Introduction


On account of their intrinsic chemical, magnetic, and spec-
troscopic properties, specially designed lanthanide com-
plexes are recognized as promising candidates for highly in-
telligent materials.[1] Some of these complexes function as
asymmetric catalysts, biomedical probes, therapeutic medi-
cines, and intense emitters. Because trivalent lanthanide cat-
ions have highly labile and versatile coordination features,
functional sophistication of lanthanide complexes requires
smart ligands to control their coordination structures.[2]


B"nzli and co-workers developed triple-helicated heterobi-
nuclear complexes, in which 3d metal and 4f lanthanide cen-
ters efficiently communicated with each other. Raymond
et al. constructed three-dimensional cage-type lanthanide
complexes as nanoscaled molecular vessels that effectively
promoted bimolecular reactions. Shibasaki et al. character-
ized homopolymetallic lanthanide complexes supported by
chiral tetradentate ligands for asymmetric catalysis. Lumi-
nescent lanthanide complexes have recently received atten-
tion.[3] Because of their long-lived, line-shaped, and posi-


Abstract: A new series of tripods were
designed to form anion-responsive, lu-
minescent lanthanide complexes. These
tripods contain pyridine, thiazole, pyra-
zine, or quinoline chromophores com-
bined with amide carbonyl oxygen and
tertiary nitrogen atoms. Crystallograph-
ic and EXAFS studies of the 10-coordi-
nated tripod–LaACHTUNGTRENNUNG(NO3)3 complexes re-
vealed that each La3+ cation was coop-
eratively coordinated by one tetraden-
tate tripod and three bidentate NO3


�


anions in the crystal and in CH3CN.
Quantum chemical calculations indicat-


ed that the aromatic nitrogen plays a
significant role in lanthanide complexa-
tion. The experimentally determined
stability constants of complexes of the
tripod with LaACHTUNGTRENNUNG(NO3)3, EuACHTUNGTRENNUNG(NO3)3, and
Tb ACHTUNGTRENNUNG(NO3)3 were in good agreement with
the theoretically calculated interaction
energies. Complexation of each tripod


with lanthanide triflate gave a mixture
of several lanthanide complex species.
Interestingly, the addition of a coordi-
native NO3


� or Cl� anion to the mix-
ture significantly influenced the lantha-
nide complexation profiles. The partic-
ular combination of tripod and a lumi-
nescent Eu3+ center gave anion-selec-
tive luminescence enhancements.
Pyridine-containing tripods exhibited
the highest NO3


� anion-selective lumi-
nescence and thus permit naked-eye
detection of the NO3


� anion.
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tion-defined luminescence, they have been successfully ap-
plied to nonradioactive labeling of biomolecules, naked-eye
detection of inorganic anions, and biotargeted imaging pro-
cesses. Parker et al. combined heptadentate 1,4,7,10-tetraza-
cyclododecane (cyclen) ligands with a Eu3+ center to form
effective lanthanide complexes for in vivo and in vitro anion
detection. Ziessel et al. employed luminescent lanthanide
complexes with bis-bipyridine phosphine oxide ligands for
biopolymer tagging. Vçgtle et al. and Petoud et al. further
developed dendrimer–lanthanide complexes as intense near-
infrared emitters.[4] These sophisticated ligands elegantly
generated outstanding lanthanide complex functions, but
their structures were too complicated to be modified. Al-
though there have been many experimental approaches to
control the coordination numbers, versatile stoichiometry,
and rapid dynamics of lanthanide complexes, most of the re-
ported complexes were coordinatively unsaturated and
often present as mixtures of polynuclear, highly ordered, hy-
drated, and oxo-bridged complexes in solution.[5]


We have previously demonstrated that tris(2-pyridylme-
thyl)amine (1) and its chiral derivatives formed luminescent
Eu3+ and Tb3+ complexes.[5b,c] Based on the dynamic and
unsaturated coordination features, the tripod–lanthanide
complexes had several coordination sites available for exter-
nal coordinative anions and exhibited anion-responsive lu-
minescence profiles. We present below a new series of
mixed-donor tripods 2–6 for lanthanide complexation
(Scheme 1). The donor effects of the tripods on lanthanide
complexation and the luminescence profile were character-
ized by crystal structure determinations, UV/Vis and NMR
spectroscopy titrations, and luminescence experiments. The


mixed-donor tripods predominantly formed 10-coordinated
complexes with lanthanide nitrates in a 1:1:3 (tripod/lantha-
nide cation/anion) stoichiometry. Furthermore, they were
characterized by EXAFS structural analysis and quantum
chemical calculations. Although such EXAFS analysis and
quantum chemical calculations have been examined in a
limited number of lanthanide complex systems,[6] our com-
bined studies of experimental and theoretical approaches
demonstrate that tripods can be structurally optimized to
form anion-responsive, luminescent lanthanide complexes.


Results and Discussion


Synthesis of the tripods : Various tripods incorporating phos-
phorus donors, pyrazoyl groups, alkoxides, triamines, tri-
ACHTUNGTRENNUNGamides, tripyridines, and other coordinating groups have al-
ready been prepared for lanthanide complexation.[7] Among
them, several tripods with aromatic nitrogen atoms have
been reported to form 10-coordinated complexes with lan-
thanide chlorides and nitrates. Crystallographic studies of
these complexes revealed that the lanthanide centers were
three-dimensionally shielded from solvents and exhibited in-
tense lanthanide luminescence.[7,8] In addition to 1:1:3 com-
plexes, these tripods often gave mixtures containing 2:1 and
3:1 (tripod/lanthanide cation) complexes as well as hydrated
mononuclear and oxo-bridged binuclear species.[5,9,10] For
this reason, an effective approach is required to control the
versatile coordination structure of the tripods for efficient
development of luminescent lanthanide complexes.
We combined one or two aromatic nitrogen moieties, such


as pyridine, thiazole, pyrazine, or quinoline, with glycine
amide in a tripod skeleton (2–6 in Scheme 1).[10] The aro-
matic nitrogen moieties can provide “soft” coordination
with the lanthanide centers and also act as effective photo-
antennae for excitation of the lanthanide cations.[11] Karma-
zin et al. compared 4f/5f metal complexation properties of 1
and its derivatives with three aromatic nitrogen moieties,[12]


and observed significant donor effects of the aromatic nitro-
gen atoms. The introduced amide group is expected to func-
tion as a “hard” donor for lanthanide cations and provide
comparable stability constants of lanthanide complexes to
those with aromatic nitrogen atoms.[10b,13] These mixed-
donor tripods further form dissymmetric lanthanide com-
plexes. As indicated by Nakamura et al., such dissymmetric
complexes can exhibit more intense lanthanide lumines-
cence than the corresponding symmetric tripod com-
plexes.[14] Because sufficient space is available around the
coordinating amide group for incoming guest species, the
mixed-donor tripods are expected to form highly coordinat-
ed, structurally defined complexes that exhibit anion-respon-
sive luminescence functions. The synthetic routes of the tri-
pods were simple and straightforward as illustrated in
Scheme 2. Tripods 2, 3, and 5 were derived from glycine
amide and the corresponding formyl-substituted aromatic
nitrogen compound. Tripod 2, which contains two pyridine
rings, was typically prepared by repeated Schiff base forma-Scheme 1. Structures of tripods and lanthanide complexation.
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tion of diethyl glycine amide with formylpyridine and hydro-
genation with NaBH3CN. Tripod 4 was obtained by treating
pyrazine-ethanol mesylate with
glycine amide, whereas tripod 6
was synthesized by treating
2-aminomethylpyridine with
excess diethyl chloroacetamide.
The new ligands were fully
characterized by 1H and
13C NMR, and IR spectroscop-
ies; HRMS; and elemental
analysis.


Crystal and optimized struc-
tures of tripod–lanthanide com-
plexes : Mazzanti et al. deter-
mined the crystal structure of
the [Eu(1)Cl3] (1:1:3) complex,
in which four nitrogen atoms
from the tripod and three Cl�


anions cooperatively coordinate
to the Eu3+ center.[7b] Wong
et al. isolated similar 1:1 lantha-
nide complexes with related tri-
pods.[8] We determined the crys-
tal structure of the [La(2)-
ACHTUNGTRENNUNG(NO3)3] (1:1:3) complex in
which no water or solvent mol-
ecule was included in the coor-
dination sphere. As illustrated
in Figure 1a, three nitrogen


atoms and one carbonyl oxygen atom in the tripod coopera-
tively coordinate to the La3+ center along with three biden-
tate NO3


� anions to form a complex with a total coordina-
tion number of 10. Tripod 5 has been demonstrated to form
a similar 10-coordinated complex with La ACHTUNGTRENNUNG(NO3)3.


[10b] Table 1
compares the La�Narom bond lengths in a crystal of the
[La(2) ACHTUNGTRENNUNG(NO3)3] complex (2.680(4) and 2.739(4) Q) with those
of a crystal of [La(5) ACHTUNGTRENNUNG(NO3)3] (2.772(2) and 2.825(2) Q). Be-
cause the former bond lengths are significantly shorter than
the latter, we conclude that the pyridine nitrogen atom coor-
dinates more strongly than that of quinoline in our tripod
framework. The La�Namine and La�Oamide bond lengths of
these two isolated complexes exhibited slight differences. As
described below, the amide oxygen atom was found to have
a higher charge distribution than either of the two types of
nitrogen atoms, and the La�Oamide bond lengths determined
in the two tripod complexes are short. These two complexes
included three bidentate NO3


� anions in somewhat different
fashions. Because tripod 5 led to a less symmetric arrange-
ment of the three NO3


� anions compared with tripod 2, the
quinoline moieties may cause more severe steric hindrance
in the anion coordination process than the pyridine moieties.
Thus, these mixed-donor tripods offered characteristic tetra-
dentate coordination for lanthanide cations.
Because the tripods have flexible and dynamic coordina-


tion modes, lanthanide tripod complexes often have differ-
ent coordination structures in solutions and in the crystal.
Figure 2a and b compare the radial structural functions


Scheme 2. Synthetic routes to tripods 2–6.


Figure 1. Crystal (a) and optimized (b) structures of the [La(2) ACHTUNGTRENNUNG(NO3)3] complex. Thermal ellipsoids in the crys-
tal structure are drawn at the 50% probability level, and all hydrogen atoms and solvent acetonitrile molecules
are omitted for clarity.


Table 1. Bond lengths and charge distributions of tripod–La ACHTUNGTRENNUNG(NO3)3 (1:1:3) complexes.


Bond length [Q][a] Charge distribution[b]


La�Narom La�Namine La�Oamide Narom Namine Oamide


2 2.782, 2.929 (2.680, 2.739) 2.955 (2.738) 2.652 (2.465) �0.509, �0.511 �0.522 �0.697
3 2.753, 2.887 3.117 2.624 �0.516, �0.520 �0.526 �0.696
4 2.743, 2.852 2.909 2.557 �0.468, �0.471 �0.525 �0.697
5 2.784, 2.891 (2.772, 2.825) 2.906 (2.714) 2.645 (2.426) �0.510, �0.516 �0.516 �0.699


[a] B3LYP (Stuttgart-RSC-ECP; La+cc-pVDZ; C, N, O, and H) results. The values in parentheses are experi-
mental results from the isolated crystals. [b] IEFPCM/B3LYP (Stuttgart-RSC-ECP; La+cc-pVDZ; C,N,O, and
H) results. Calculated as the free ligands in CH3CN.
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(RSF) and the k3-weight EXAFS oscillations of the [La(2)-
ACHTUNGTRENNUNG(NO3)3] (1:1:3) complex in CH3CN and in the crystal. Two
significant peaks were observed in the RSF curves. The crys-
tal structure included disorder in the bond length in the pri-
mary coordination sphere, and the number of backscattering
interactions was considered to be two or three for the first
peaks and two for the second peaks during the fitting pro-
cess. The curve-fitting results (dashed lines) agreed well
with the raw data for the RSF and the EXAFS oscillations.
The data for the estimated coordination number (N), bond
length (R), and squared Debye–Waller factor (s2) are listed
in Table 2. The shortest interaction found in the crystal data


arising from La�Oamide scattering was not taken into account
in fitting the solution data. The La�Onitrate bond length of
the sample in solution was slightly shorter than that of the
crystal, which suggests that dynamic averaging and rear-
rangement of the ligands in the primary coordination sphere
occurred in the solution state. Because the RSF and EXAFS
oscillation curves obtained in the solution state had almost
the same shapes and peak positions as those obtained in the
solid state, it was confirmed that the [La(2)ACHTUNGTRENNUNG(NO3)3] complex
maintained its 10-coordinated structure in CH3CN. Interest-
ingly, all of the NO3


� anions were nicely accommodated, as


observed in the crystal state, and were rarely displaced by
solvent and water molecules.
Quantum chemical calculations were performed to char-


acterize the tripod–La ACHTUNGTRENNUNG(NO3)3 (1:1:3) complexes from a theo-
retical point of view. We optimized the geometry of each
complex using density functional B3LYP, in which the initial
geometries were generated from the experimentally deter-
mined crystal structures of the [La(2)ACHTUNGTRENNUNG(NO3)3] and [La(5)-
ACHTUNGTRENNUNG(NO3)3] complexes. The integral equation formalism polar-
ized continuum model (IEFPCM)[15] was used to consider
the CH3CN solvent effect. Figure 1 compares the optimized
and crystal structures of the [La(2) ACHTUNGTRENNUNG(NO3)3] complex: both
have very similar 10-coordinated modes. Table 1 lists the
bond lengths of the optimized La ACHTUNGTRENNUNG(NO3)3 complexes with tri-
pods 2–5, and Figure S1 in the Supporting Information illus-
trates their optimized structures. Natural charge distribu-
tions were calculated from an NBO analysis[16] of tripod
fragments for the optimized geometries of the tripod–La-
ACHTUNGTRENNUNG(NO3)3 complexes (Table 1). The amide oxygen atom of
each tripod was found to be a more effective binding site
than either type of nitrogen atom.[10b,13] In the structurally
optimized complexes, La�Namine bonds were longer than La�
Narom bonds, and tripod 3 had the longest La�Namine bond. A
comparison of the charge distributions in the aromatic nitro-
gen moieties showed that the nitrogen atom of thiazole was
the most electron-rich and the pyrazine nitrogen atom coor-
dinated most weakly with the La3+ cation. These quantum
calculation results did not directly relate to the experimen-
tally determined stability constants, as described below. This
suggests that a suitable arrangement of the tetradentate
donors can stabilize the tripod–lanthanide complex.


Lanthanide complexation in CH3CN solutions : Figure 3
shows the 1H NMR spectra of tripod 2 upon complexation
with LaACHTUNGTRENNUNG(NO3)3 and La ACHTUNGTRENNUNG(CF3SO3)3 in CD3CN. These spectra
indicate that the two La3+ salts exhibit somewhat different
complexation behavior. When tripod 2 formed complexes
with LaACHTUNGTRENNUNG(NO3)3, several broad signals appeared at a molar
ratio of [La3+]/[2]=0.33 and 0.50, in addition to the signals
assigned to the free and 1:1 complex species (Figure 3b and
c). Although the employed CD3CN solutions contained 6.0S
10�3 or 1.0S10�2 molL�1 of H2O, an equimolar mixture of
La ACHTUNGTRENNUNG(NO3)3 and tripod 2 gave a crystal of the non-hydrated
10-coordinated complex illustrated in Figure 1a. The unas-
signed signals completely disappeared at [La3+]/[2]=1.0,
and only the peaks for the 1:1 complex remained at
ACHTUNGTRENNUNG[La3+]/[2]�1.0 (Figure 3d and e). Mazzanti et al. determined
the crystal structures of 1:1 and 2:1 complexes of ligand 1
and its derivatives with lanthanide chlorides and nitrates;
hydroxo complexes were also isolated.[5a,7b] Thus, tripod 2
forms an equilibrium mixture of La3+ complexes that had
slightly slower kinetics than the NMR spectroscopy time-
scale. ESI-MS measurements supported the formation of 2:1
and 1:1 complexes with lanthanide nitrates. When Tb ACHTUNGTRENNUNG(NO3)3
was mixed with an equimolar quantity of tripod 2 in
CH3CN, peaks assigned to [Tb3+ +22+2OH�+CH3CN+


3H2O]2+ and [Tb3+ +2+2NO3
�]+ were detected at m/z 912


Figure 2. a) Radial structural functions of the [La(2) ACHTUNGTRENNUNG(NO3)3] complex in a
CH3CN solution and in the crystal. Phase shifts were not corrected. FT
ranges: 3.5–9.5 Q�1. b) EXAFS oscillations. Solid and dashed lines
denote experimental and calculated data, respectively.


Table 2. EXAFS fitting results of the [La(2)ACHTUNGTRENNUNG(NO3)3] complex in the crys-
tal and in a CH3CN solution.[a]


Crystal in CH3CN
N R [Q] s2 [Q2] N R [Q] s2 [Q2]


La�Oamide 1 2.47 0.01
La�Onitrate, La�Oamide


[b] 7 2.59 0.02 8 2.56 0.02
La�Narom 2 2.74 0.01 2 2.71 0.02
La�Carom 8 3.52 0.03 8 3.61 0.03
La�N�O 6 4.26 0.02 6 4.22 0.02


[a] N : coordination number (first decimal place rounded off); R : bond
distance; s2 : Debye–Waller factor. The fitting qualities for all the data
were less than r=25%; r : residual= {� jyexp(i)�ytheo(i) j /� jyexp(i) j }S100
[%]. [b] This bond length was estimated in solution.
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and 595 (Figure S2 in the Supporting Information). In con-
trast, an equimolar mixture of tripod 2 and La ACHTUNGTRENNUNG(CF3SO3)3
gave a somewhat complicated 1H NMR spectrum, which in-
dicated that other complex species were formed in addition
to the 1:1 complex that had a more static nature (Figure 3f).
Addition of further tetrabutylammonium nitrate to this mix-
ture gave more broad signals in the 1H NMR spectrum (Fig-
ure 3g). Because the added NO3


� anion accelerated inter-
conversion between the resulting complex species, tripod 2
exhibited anion-dependent lanthanide complexation behav-
ior in solutions.
The complexation behavior of tripods 2–5 with lanthanide


nitrates were quantitatively characterized by monitoring
UV/Vis absorption changes of the aromatic nitrogen moiety.
When these changes were plotted against the added amount
of La ACHTUNGTRENNUNG(NO3)3, Eu ACHTUNGTRENNUNG(NO3)3, or Tb ACHTUNGTRENNUNG(NO3)3, each titration curve
gave a good fit for a mixture of 1:1 and 2:1 complexes (Fig-
ure S3 in the Supporting Information). However, the spec-
tral changes observed with tripod 6 were too small to use in
the determination of the complex stability constant. Table 3
lists the estimated logK1 and logK2 values for LaACHTUNGTRENNUNG(NO3)3,
EuACHTUNGTRENNUNG(NO3)3, and Tb ACHTUNGTRENNUNG(NO3)3 in CH3CN. Tripods 2 and 4 had
similar logK1 values for the three lanthanide nitrates, but
tripods 3 and 5 formed more stable complexes with La-
ACHTUNGTRENNUNG(NO3)3 than with Eu ACHTUNGTRENNUNG(NO3)3 and Tb ACHTUNGTRENNUNG(NO3)3. Although the ob-
served logK1 and logK2 values were lower than the values
for caged cryptandACHTUNGTRENNUNG[2.2.2] (logK=10.8 for La3+ complex in
CH3CN),


[17] the tripods formed lanthanide complexes that
were sufficiently stable to be used at luminescence concen-
trations.


The processes involved in tripod–lanthanide complexation
were further characterized from a theoretical point of view,
even though a limited number of quantum chemical calcula-
tions have been attempted in previous lanthanide complex
characterization.[6c–f] The interaction energy (I.E.), as de-
fined in Equation (1), was theoretically calculated for a
series of tripod–La ACHTUNGTRENNUNG(NO3)3 complexes as a measure of the
complex stability.


I:E:¼ E½tripod�La3þ�ðNO3Þ3	�ðE½LaðNO3Þ3 fragment	
þE½tripod fragment	Þ


ð1Þ


In this equation, E[tripod–La3+–(NO3)3], E[La ACHTUNGTRENNUNG(NO3)3
fragment], and E[tripod fragment] represent the density
functional B3LYP total energy of the optimized tripod–La3+


–(NO3)3 complexes and their components, the La ACHTUNGTRENNUNG(NO3)3 and
the tripod fragments at the tripod–La3+–(NO3)3 optimized
point, respectively. The calculated I.E. values for the four
tripod–La ACHTUNGTRENNUNG(NO3)3 complexes are compared with the experi-
mentally determined stability constants in Table 3. Although
tripod 3 exhibited a larger logK1 value with LaACHTUNGTRENNUNG(NO3)3 than
tripod 2, 4, or 5 in the titration experiments, the calculation
of I.E. values revealed a comparable trend: tripod 2< tripod
5
 tripod 4< tripod 3. Because the calculation results sug-
gest that tripod 3 has the most negative charge distribution
for the Narom atoms, but the longest La�Namine bond length,
the three-dimensional arrangement of the four donor atoms
essentially determined the stability of the tripod–lanthanide
complex.


Luminescence profiles of tripod–lanthanide complexes : Lan-
thanide luminescence is a phenomenon that is very sensitive
to the coordination environment around the lanthanide
center.[3,11] The present type of mixed-donor tripods operat-
ed as coordinatively unsaturated ligands to form anion-re-
sponsive, luminescent lanthanide complexes with particular
anions.[5] Since additional coordination from the external
anion often alters the stoichiometry, geometry, and structure


Figure 3. 1H NMR titrations of La3+ complexation of tripod 2. [Tripod
2]=4.0S10�4 molL�1; a) no La3+ salt, b) 0.33 equiv [La ACHTUNGTRENNUNG(NO3)3],
c) 0.50 equiv [LaACHTUNGTRENNUNG(NO3)3], d) 1.0 equiv [La ACHTUNGTRENNUNG(NO3)3], e) 2.0 equiv [La-
ACHTUNGTRENNUNG(NO3)3], f) 1.0 equiv [La ACHTUNGTRENNUNG(OTf)3], g) 1.0 equiv [La ACHTUNGTRENNUNG(OTf)3], 3.0 equiv
[nBu4N ACHTUNGTRENNUNG(NO3)].


Table 3. Stability and luminescence profiles of lanthanide nitrate com-
plexes with tripods 2–5.


Stability constants[a] I.E.[b] Luminescence[c]


La3+ Eu3+ Tb3+ La3+ Eu3+ Tb3+


lifetime [ms] a[d] lifetime [ms]


2 5.7�0.1 5.5�0.1 5.5�0.1 �89.1 1.5 5.5 1.9
4.7�0.1 3.9�0.1 3.9�0.1


3 6.9�0.1 5.9�0.3 6.2�0.4 �99.9 1.5 6.7 1.9
4.9�0.1 4.3�0.2 4.5�0.4


4 6.5�0.3 6.7�0.3 6.7�0.2 �92.8 1.4 5.7 1.9
4.8�0.1 4.8�0.1 4.8�0.1


5 6.4�0.1 5.5�0.2 5.5�0.1 �93.6 1.1 10 –[e]


3.1�0.1 4.2�0.1 4.3�0.1


[a] logK1 values are shown in normal text and logK2 values are shown in
italic text. [b] I.E.: interaction energy. The level of density functional
theory used in the calculations was B3LYP (Stuttgart-RSC-ECP; La+cc-
pVDZ; C,N,O, and H). [c] Measured with tripod–Ln ACHTUNGTRENNUNG(NO3)3 (1:1) com-
plexes (25 8C, CH3CN). [d] a= [Eu3+ emission intensity at 616 nm]/[Eu3+


emission intensity at 592 nm]. [e] Too weak to be determined.
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of the ternary “tripod–lanthanide–anion” complex,[10b] a new
luminescence-based anion-sensing process can be construct-
ed.
Eu3+ and Tb3+ complexes with tripods 2–6 showed char-


acteristic lanthanide emissions through ligand excitation and
subsequent ligand-to-metal energy-transfer processes.
Figure 4 illustrates the typical luminescence spectra of equi-


molar mixtures of EuACHTUNGTRENNUNG(NO3)3 and Tb ACHTUNGTRENNUNG(NO3)3 with tripod 2 in
CH3CN, in which 1:1:3 complexes predominantly formed.
As summarized in Table 3, the series of tripod–Eu3+ com-
plexes showed shorter lifetimes than the corresponding Tb3+


complexes. The relative intensities (a values) of the Eu3+


emission bands at 616 nm and 592 nm are compared as indi-
cations of the complex symmetries.[18] Tripods 2–4 exhibited
similar luminescence lifetimes and a values of lanthanide ni-
trate complexes; however, tripod 5, which has 2-quinoline
groups, gave a larger a value and shorter lifetime than the
others. Thus, the nature of the introduced aromatic nitrogen
moieties influenced not only complex stability but also the
Eu3+ complex symmetry.


Anion-sensing application of luminescent lanthanide com-
plexes : We previously reported that tripod 1 and the Eu-
ACHTUNGTRENNUNG(CF3SO3)3 system was effective as a luminescent sensory
device specific for NO3


� anion detection, whereas the corre-
sponding Tb3+ complex system exhibited modest Cl� anion-
responsive luminescence.[5b] The fact that coordination from
additional anions significantly influenced the structures of
the present tripod–lanthanide complexes provided a promis-
ing possibility for the development of new luminescence-
based anion-sensing processes. When tripod 2, 3, 4, 5, or 6
was mixed with an equimolar quantity of EuACHTUNGTRENNUNG(CF3SO3)3 in
CH3CN (5S10�6 molL�1), excitation of the ligand chromo-
phore resulted in a characteristic Eu3+ luminescence spec-
trum. Addition of further tetrabutylammonium salt contain-
ing the I�, Br�, Cl�, F�, ClO4


�, NO3
�, CH3CO2


�, SCN�,
HSO4


�, or H2PO4
� anion induced anion-dependent changes


in the luminescence spectra (Figure 5).


When the 2–Eu3+ complex system was typically em-
ployed, the observed luminescence intensity at 616 nm in-
creased four-fold on addition of three equivalents of NO3


�,
whereas the addition of other anions gave slight enhance-


ments (<1.5-fold). As the NO3
� anion concentration in-


creased, the intensity of the observed luminescence was pro-
portionally enhanced and was saturated at [NO3


�]/ACHTUNGTRENNUNG[Eu3+]=
3. As described above, the equimolar mixture of tripod 2
and Eu ACHTUNGTRENNUNG(CF3SO3)3 gave a mixture of several complex species,
but the added NO3


� anion was supported to promote the
formation of the highly luminescent 1:1:3 complex, in which
the NO3


� anions occupied the three exchangeable coordina-
tion sites of the Eu3+ center and prevented quenching by
means of solvation. In contrast, the addition of the non-co-
ordinative ClO4


� anion to the 2–Eu ACHTUNGTRENNUNG(CF3SO3)3 complex
system induced no significant change in the UV/Vis and lu-
minescence spectra, whereas the addition of F� and
CH3CO2


� anions decomposed the tripod–lanthanide com-


Figure 4. Corrected luminescence spectra of tripod [Tb(2)ACHTUNGTRENNUNG(NO3)3] (c)
and [Eu(2) ACHTUNGTRENNUNG(NO3)3] (a) complexes in CH3CN. Conditions: [tripod 2]=
[Ln ACHTUNGTRENNUNG(NO3)3]=5.0S10�6molL�1; RT; lex=261 nm; emission slit, 2.5 nm.


Figure 5. Anion-sensing profiles of luminescent tripod–Eu3+ complexes.
[Eu ACHTUNGTRENNUNG(CF3SO3)3]=5.0S10�6 molL�1; [tripod]=5.0S10�6 molL�1; 2 : excita-
tion at 261 nm, slit widths 10/5 nm; 3 : excitation at 246 nm, slit widths 10/
5 nm; 4 : excitation at 270 nm, slit widths 10/3 nm; 5 : excitation at
305 nm, slit widths 10/7 nm; 6 : excitation at 264 nm, slit widths 10/5 nm;
[nBu4NX]=1.5S10�5 molL�1.
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plexes themselves. Thus, the 2–Eu3+ complex showed the
largest NO3


� anion-responsive luminescence enhancement,
which was applicable to naked eye detection at 10�5 molL�1


level (Figure 6).


Tripods 3–6 exhibited different anion-response lumines-
cence-sensing profiles. An equimolar mixture of Eu-
ACHTUNGTRENNUNG(CF3SO3)3 and tripod 4 or 5 exhibited enhanced lumines-
cence upon addition of both Cl� and NO3


� anions. Because
these two anions gave similar luminescence enhancements,
the anion selectivity of these tripod complexes was modest.
The luminescence of the Eu3+ complexes with tripods 3 and
6 was slightly enhanced on addition of a series of anions,
which indicated that the nature of the tripod used has a sig-
nificant influence on the anion-sensing profile of the result-
ing Eu3+ complex. The luminescence lifetimes of Eu3+ com-
plexes with tripods 2 and 4 were significantly enhanced by
the addition of NO3


� and moderately by the addition of Cl� :
2–Eu3+ , 1.5 ms for NO3


� and 1.2 ms for Cl� ; and 4–Eu3+ ,
1.5 ms for NO3


� and 1.1 ms for Cl�.[19] When Tb ACHTUNGTRENNUNG(CF3SO3)3
was combined with these tripods, the observed Tb3+ lumi-
nescence signals were changed slightly by addition of exter-
nal guest anions, and the largest observed enhancement in
the intensity was only 1.5-fold for a combination of tripod 4,
Tb3+ cation, and NO3


� anion. Thus, the 2–Eu3+ complex of-
fered the most effective and selective luminescence-based
anion-sensing.


Conclusion


A new series of tripod–lanthanide complexes were fully
characterized by crystallographic and EXAFS examinations,
UV/Vis and NMR spectroscopy titration experiments, stabil-
ity constant estimations, quantum chemical calculations, and
anion-responsive luminescence measurements. The com-
bined studies of experimental and theoretical characteriza-
tions demonstrated that the present type of mixed-donor tri-
pods possess both effective chromophores for intense lan-
thanide luminescence and potential coordination sites for


external anions. Although their lanthanide complexes can
have versatile coordination structures in CH3CN, the tripod
2–La ACHTUNGTRENNUNG(NO3)3 complex maintained a 10-coordinated structure
both in the crystal and in CH3CN. The addition of coordina-
tive anions specifically promoted the formation of lumines-
cent Eu3+ complexes with 1:1 stoichiometry. Among the
complexes examined, the 2–Eu3+ complex sensed the NO3


�


anion with the highest selectivity. Because these lanthanide
complexes are superior to organic fluorescent receptors on
account of their long-lived, line-shaped, and position-de-
fined luminescence properties, it was concluded that the
tripod provided an effective basis for the development of
anion-responsive, luminescent lanthanide complexes.[20]


Experimental Section


General : 1H and 13C NMR spectra were recorded on JEOL LA-300 and
400 spectrometers. Luminescence spectra were obtained on a Perkin–
Elmer LS-50B equipped with a Hamamatsu R-928 photomultiplier. UV/
Vis spectra were recorded with a Hitachi U-3500 apparatus. The CH3CN
employed for titration and luminescence experiments was purchased
from Nacalai Tesque (spectroscopic analysis grade). Karl Fischer water
determinations, carried out by UBE Scientific Analysis Laboratory (Ube,
Japan), indicated that the solutions in CH3CN contained 0.07–0.15 wt%
of H2O. LaACHTUNGTRENNUNG(NO3)3·6H2O and Eu ACHTUNGTRENNUNG(NO3)3·6H2O were purchased from Na-
calai Tesque, and Tb ACHTUNGTRENNUNG(NO3)3·6H2O was purchased from Mitsuwa Chemi-
cals. La ACHTUNGTRENNUNG(CF3SO3)3, EuACHTUNGTRENNUNG(CF3SO3)3, and Tb ACHTUNGTRENNUNG(CF3SO3)3 were purchased from
Sigma-Aldrich Japan K.K. These lanthanide salts were employed as re-
ceived without further purification. Because 1:1:3 (tripod/La3+/NO3


�)
complexes were obtained from CH3CN solutions, the NO3


� anion provid-
ed stronger coordination with the lanthanide centers than contaminant
water molecules.


Tripods : New tripods were synthesized as shown in Scheme 2 and fully
characterized as described below.


Tripod 2 : This ligand was derived from glycine amide and formyl pyri-
dine. A mixture of N,N-diethylglycine amide hydrochloride (486 mg) and
2-pyridinecarboxaldehyde (938 mg) in MeOH (20 mL) was stirred at RT
for 3 h under N2. After cooling to 0 8C, NaBH3CN (660 mg) in MeOH
(10 mL) was slowly added to the mixture. After stirring for 60 h at RT,
MeOH was evaporated, and the residue was dissolved in AcOEt, washed
with saturated aqueous NaHCO3, and dried over Na2SO4. The mixture
was purified by column chromatography (alumina, EtOAc/hexane) to
give 2 as a yellow oil (274 mg, 30%). Rf=0.26 (EtOAc/hexane 8:2);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d =8.53 (dd, 2H, 3J ACHTUNGTRENNUNG(H,H)=


5.4 Hz, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz; Ar), 7.65 (td, 2H, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 4J ACHTUNGTRENNUNG(H,H)=


1.7 Hz; Ar), 7.58 (d, 2H, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz; Ar), 7.15 (t, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz,
2H; Ar), 3.94 (s, 4H; ArCH2), 3.41(s, 2H; CH2CO), 3.34 (q, 3J ACHTUNGTRENNUNG(H,H)=


7.1 Hz, 2H; CH2CH3), 3.22 (q, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H; CH2CH3), 1.09 (t,
3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H; CH2CH3), 0.97 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H;
CH2CH3);


13C NMR (100 MHz, CDCl3, 25 8C, CHCl3): d=169.3, 159.2,
149.0, 136.5, 123.7, 122.1, 60.5, 55.3, 41.2, 40.1, 14.1, 13.0 ppm; IR (KBr):
ñ=1634, 767 cm�1; HRMS (EI): m/z : calcd for C18H24N4O [M]+ :
312.1950; found: 312.1953.


Tripod 3 : This ligand was similarly prepared from glycine amide and
formyl thiazole (14%). Yellow oil; Rf=0.29 (EtOAc/hexane 1:2);
1H NMR (400 MHz, CDCl3, 25 8C, TMS) d=7.72 (d, 3J ACHTUNGTRENNUNG(H,H)=3.2 Hz,
2H; Ar), 7.31 (d, 3J ACHTUNGTRENNUNG(H,H)=3.2 Hz, 2H; Ar), 4.29 (s, 4H; ArCH2), 3.55(s,
2H, CH2CO), 3.37 (q, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H; CH2CH3), 3.20 (q, 3J-
ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H; CH2CH3), 1.11 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H; CH2CH3),
1.04 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H; CH2CH3);


13C NMR (100 MHz,
CDCl3, 25 8C, CHCl3): d =170.2, 168.4, 142.5, 119.7, 55.7, 54.2, 41.2, 40.1,
14.1, 13.0 ppm; IR (KBr): ñ =1639, 773 cm�1; HRMS (EI): m/z : calcd for
C14H20N4OS2 [M]+ : 324.1078; found 324.1069.


Figure 6. Naked-eye detection of the NO3
� anion with the 2–Eu3+ com-


plex. The pictures were taken under the following conditions: [2]=5.0S
10�6 molL�1; [Eu ACHTUNGTRENNUNG(CF3SO3)3]=5.0S10�6 molL�1; [nBu4N ACHTUNGTRENNUNG(NO3)]=1.5S
10�5 molL�1; in CH3CN. A UV TLC detection lamp (4 W) was used for
the excitation.
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Tripod 4 : This ligand was obtained by treating pyrazine-ethanol mesylate
with glycine amide. Pyrazine ethanol (1.45 g) in dry CH2Cl2 (30 mL) was
cooled to �15 8C under N2. Triethylamine (1.74 g) was added and stirred
for 5 min. Mesyl chloride (1.58 g) in dry CH2Cl2 (10 mL) was slowly
added to the solution. After stirring for 2 h, the temperature was slowly
raised to 0 8C. The reaction mixture was poured onto ice and extracted
with CH2Cl2. The colorless oil turned black within 1 h and was then used
without further purification and characterization. Pyrazine mesylate was
dissolved in dry CH3CN (30 mL). N,N-Diethylglycine amide hydrochlo-
ride (63 mg) and K2CO3 (3.6 g) were added, and the mixture was heated
at reflux for 18 h under N2. The reaction mixture was filtered and the in-
organic salt was washed thoroughly with CH3CN. The filtrate and wash-
ing liquor were combined and evaporated. The residue was purified by
GPC (1H-2H JAIGEL, CHCl3) followed by silica gel chromatography to
give 4 as a yellow oil (83 mg, 70%). 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=8.74 (brd, 4J ACHTUNGTRENNUNG(H,H)=1.2 Hz, 2H; Ar), 8.51 (dd, 3J ACHTUNGTRENNUNG(H,H)=


2.4 Hz, 4J ACHTUNGTRENNUNG(H,H)=1.2 Hz, 2H; Ar), 8.46 (brd, 3J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 2H; Ar),
4.09 (s, 4H; ArCH2), 3.50 (s, 2H; CH2CO), 3.36 (q, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz,
2H; CH2CH3), 3.20 (q, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H; CH2CH3), 1.11 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H; CH2CH3), 1.02 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H;
CH2CH3);


13C NMR (100 MHz, CDCl3, 25 8C, CHCl3): d=168.7, 154.5,
145.5, 143.8, 143.2, 57.9, 55.2, 41.2, 40.1, 14.1, 13.0 ppm; IR (KBr): ñ=


1643, 1579, 1527, 1464, 1435, 1019 cm�1; HRMS (EI): m/z : calcd for
C16H22N6O [M]+ : 314.1854; found 314.1855.


Tripod 5 :[10] Colorless crystals (hexane); Rf=0.16 (33% EtOAc in
hexane); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=8.12 (d, 3J ACHTUNGTRENNUNG(H,H)=


8.6 Hz, 2H; Ar), 8.05 (d, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 2H; Ar), 7.82–7.66 (m, 4H;
Ar), 7.68 (td, J=8.6, 1.3 Hz, 2H; Ar), 7.51 (td, J=8.6, 1.3 Hz, 2H; Ar),
4.12 (s, 4H; ArCH2), 3.51 (s, 2H; CH2CO), 3.40 (q, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz,
2H; CH2CH3), 3.24 (q, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H; CH2CH3), 1.07 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H; CH2CH3), 0.93 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H;
CH2CH3);


13C NMR (100 MHz, CDCl3, 25 8C, CHCl3): d=169.2, 160.1,
147.6, 136.3, 129.3, 129.1, 127.5, 127.4, 126.2, 121.9, 61.4, 55.6, 41.2, 40.1,
14.1, 13.0 ppm; IR (KBr): ñ =1656, 773 cm�1; elemental analysis calcd
(%) for C26H28N4O (412.5): C 75.70, H 6.84, N 13.58; found: C 75.43, H
6.89, N 13.43.


Tripod 6 : This ligand was synthesized by treating 2-aminomethylpyridine
with diethyl chloroacetamide. A mixture of 2-aminomethylpyridine
(432 mg), diethyl chloroacetamide (1.56 g), and Na2CO3 (2.12 g) in
CH3CN (60 mL) was heated at reflux for 7 h under N2. CH3CN was
evaporated, and the residue was dissolved in CH2Cl2 and filtered. The fil-
trate was purified by column chromatography (alumina, EtOAc) to give
6 as a yellow oil (855 mg, 64%). Rf=0.37 (EtOAc); 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d =8.52 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.0 Hz, 4J ACHTUNGTRENNUNG(H,H)=1.4 Hz,
1H; Ar), 7.69–7.64 (m, 2H; Ar), 7.16 (td, 3J ACHTUNGTRENNUNG(H,H)=5.0 Hz, 4J ACHTUNGTRENNUNG(H,H)=


2.7 Hz, 1H; Ar), 3.98 (s, 2H; ArCH2), 3.55 (s, 4H; CH2CO), 3.35 (q, 3J-
ACHTUNGTRENNUNG(H,H)=7.1 Hz, 4H; CH2CH3), 3.27 (q, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 4H; CH2CH3),
1.10 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 6H; CH2CH3), 1.06 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz,
6H; CH2CH3);


13C NMR (100 MHz, CDCl3, 25 8C, CHCl3): d=169.5,
159.3, 148.8, 136.5, 124.1, 122.1, 60.8, 55.6, 41.4, 40.1, 14.2, 13.1 ppm; IR
(KBr): ñ=1635, 771 cm�1; HRMS (EI): m/z : calcd for C18H30N4O2 [M]+ :
334.2369; found 334.2369.


X-Ray crystal structure determination : A single crystal of the [La(2)-
ACHTUNGTRENNUNG(NO3)3] complex was recrystallized from CH3CN/hexane, mounted in
inert oil, and transferred to the cold gas stream of the diffractometer
(�150 8C). X-ray data were collected with graphite-monochromated
MoKa radiation (0.71070 Q) on a Rigaku/MSC Mercury CCD system.
The structure was solved by the heavy-atom Patterson method (DIRDIF-
99)[21] and expanded with Fourier techniques. The non-hydrogen atoms
were refined anisotropically by the full-matrix least-squares method of
SHELXL-97.[22] Hydrogen atoms were located on calculated positions
and were not refined.


Crystal data for the tripod [La(2) ACHTUNGTRENNUNG(NO3)3] complex :[23] C21H28.5LaN8.5O10;
M=698.93; crystal size 0.15S0.15S0.10 mm3; monoclinic; a=40.202(4),
b=8.4382(5), c=19.6041(16) Q; b =116.997(3)8 ; V=5925.6(8) Q3; T=


123 K; space group C2/c (no. 15); Z=8; 1calcd=1.567 Mgm�3 ; absorption
coefficient=1.505 mm�1; F ACHTUNGTRENNUNG(000)=2808; q range for data collection: 3.02
to 27.488 ; reflections collected: 21238, independent reflections: 6404


(Rint=0.0397); completeness to q=27.488 : 94.3%; max. and min. trans-
mission: 0.8640 and 0.8057; data/restraints/parameters: 6404/0/353; good-
ness-of-fit on F2 : 1.280; final R values were R1=0.0557 and wR2=0.1248
(all data) and R1=0.0517 and wR2=0.1215 [I>2s(I)].


EXAFS measurements and data analyses : The EXAFS spectra at the K-
edge of La (38.9 keV) were measured in the fluorescence mode with a
19-element Ge array detector at the BL11XU of SPring-8, Japan. Syn-
chrotron radiation was monochromatized with a double crystal Si ACHTUNGTRENNUNG(333)
monochromator cooled by liquid nitrogen. Movement of the insertion
device was synchronized with monochromator scanning. EXAFS data re-
duction and curve fitting were carried out by the data analysis package
WinXAS 3.0 (Ressler, 1997). Theoretical phases and backscattering am-
plitude for curve fitting were calculated by FEFF 8.02 (Zabinsky, 1995)
on the basis of the coordinates from X-ray crystallography. The solution
of the [La(2) ACHTUNGTRENNUNG(NO3)3] complex (5.00S10�3 molL�1) in CH3CN was sealed
in a polyethylene bag, whereas the crystal sample mixed with boron ni-
trate was shaped into a disc form (approximately 5 mm diameter and
1 mm thickness) by a forming holder and a hydraulic compactor.


Computational details : The basis sets used in our quantum chemical cal-
culations were Stuttgart-RSC-ECP (relativistic small-core effective core
potential)[24] for La and cc-pVDZ[25] for the other atoms (C, N, O, and
H). Scalar relativistic effects, which are important for the determination
of the electronic structure of heavy elements (such as La) systems, were
included through ECP. Natural bond orbital (NBO) analyses[16] were per-
formed with the optimized geometries to investigate charge distributions
in the La ACHTUNGTRENNUNG(NO3)3 complexes and to understand interactions between La-
ACHTUNGTRENNUNG(NO3)3 and tripods 2, 3, 4, and 5. All of the B3LYP calculations were per-
formed with the Gaussian 03[26] quantum chemical program package.


Titration experiments : More than fifteen samples with different ratios of
tripod to lanthanide salt were prepared in each titration experiment. Typ-
ically, a solution (5 mL) in CH3CN containing tripod 2 (2.00S
10�4 molL�1) and lanthanide salt (0–6.00S10�4 molL�1) was prepared
and stirred for 5 min before starting the measurements. The absorbance
values of the aromatic nitrogen chromophores were plotted against the
mole ratios of the tripod to the lanthanide cation and the stepwise logK
values were calculated. The calculations were performed with IGOR Pro
(version 4, WaveMetrics). Although the standard deviations of the esti-
mated logK values are within 0.01, two independent results were aver-
aged; their error ranges are shown in Table 2.


Luminescence experiments : The luminescence experiments of the Eu3+


and Tb3+ complexes were performed in CH3CN upon ligand excitation:
261 nm for tripod 2, 246 nm for tripod 3, 270 nm for tripod 4, and 305 nm
for tripod 5. The concentrations of the lanthanide salts and the tripods as
well as the other conditions are shown in each figure. Because lanthanide
complexation offered slight UV/Vis spectral changes, the ligand-excita-
tion luminescence spectra recorded were normalized by absorbance in
the excitation region.


The indicated lifetimes (t) are the averaged values of at least three inde-
pendent measurements, each of which was made by monitoring the emis-
sion intensity at 616 nm (for Eu3+) or 543 nm (for Tb3+) after twenty dif-
ferent delay times spanning a range of at least two lifetimes (lex=261 nm
for tripod 2 and 270 nm for tripod 4). Slit widths of 10 nm were used and
the gate time was 0.1 ms. The decay curves were fitted by an equation of
the form I(t)= I(0)exp ACHTUNGTRENNUNG(�t/t) with a curve-fitting program. A high corre-
lation coefficient was observed in each case.
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Kinetically Controlled Ring-Closing Metathesis:
Synthesis of a Potential Scaffold for 12-Membered Salicylic Macrolides


Yuji Matsuya,* Sho-ichi Takayanagi, and Hideo Nemoto*[a]


Introduction


Salicylic macrolide compounds constitute an important class
of bioactive natural products and have attracted the atten-
tion of a number of synthetic chemists due to their attractive
biological properties, novel mode of action, and complex
structural characteristics.[1] For example, oximidines and sali-
cylihalamides have been reported to exhibit potent cytotoxic
activity against various human cancer cell lines as a result of
selective inhibition of mammalian vacuolar-type proton ade-
nosine triphosphatase (ATPase),[2] and compounds CJ-
12950 and CJ-13357 have been shown to be potent inducers
of the low-density lipoprotein (LDL) receptor gene, which
is a major factor in the control of hypercholesterolemia.[3]


These natural compounds possess a labile enamide side
chain and a common 12-membered salicylic lactone core
and have individual unsaturation modes and oxidation
states. To date, considerable efforts have been devoted
toward the syntheses of these salicylic lactones and related
model compounds, and many of these studies rely on a ring-
closing metathesis (RCM) strategy for constructing the 12-
membered lactone core.[1,4] While RCM is a powerful meth-
odology in the field of organic synthesis and has been uti-


lized for numerous synthetic studies, including the synthesis
of cyclic natural compounds,[5] it is important to note that
the prediction of the stereochemical outcome (the E/Z se-
lectivity of the olefin product) is not always simple in cases
of large-ring formation. Although mixtures of both geomet-
rical isomers are formed with various ratios, generally ac-
cording to the thermodynamic stabilities, this drawback has
been overcome by controlling the reaction conditions, by
tuning the protecting groups affecting the conformation of
the substrates, and ultimately by chromatographic separa-
tion of the isomers. As part of our ongoing research on the
synthesis of macrolide compounds by utilizing RCM,[6] we
have grappled with the synthetic study of a 12-membered
macrolactone compound (1), a potential scaffold for a series
of salicylic macrolides with various substitution patterns;
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our aim was extensive structure–activity relationship (SAR)
research. During this investigation, we encountered a com-
pletely kinetically controlled RCM, which is an interesting
and unusual example of a large-ring-forming RCM.[7]


Herein, we wish to report an efficient access to the function-
alized 12-membered salicylic macrolide core skeleton 1 and
a consideration of the stereochemical outcome of the key
RCM reaction.


Results and Discussion


Our synthetic plan toward macrocycle 1 is straightforward
(Scheme 1). If the macrolide-ring formation by RCM is an-
ticipated, substrate 2 can be assembled from three simple


parts, 3–5. The E-olefin structure can be created by means
of the Heck coupling reaction between 3 and 5, the latter of
which can be derived from an inexpensive chiral source, di-
ethyl tartrate. The synthesis of RCM substrate 11 was per-
formed with conventional functional-group manipulations
(Scheme 2; more details are described in the Experimental
Section).
With RCM substrate 11 in hand, the stage was set to ex-


plore the reactivity of these compounds for macrocycliza-
tion. We used three types of ruthenium-based catalyst,
Grubbs “first-generation” (A),[8] Grubbs “second-genera-
tion” (B),[9] and Hoveyda–Grubbs “second-generation” (C)
catalysts.[10] When substrate 11 was subjected to the RCM
reaction with 5 mol% of catalyst A in dichloromethane for
24 h, macrocyclic product 15-E was obtained as the only ste-
reoisomer in 64% yield after isolation (Scheme 3; Table 1,
entry 1). Increased amounts of the catalyst gave rise to im-
proved yields (up to 78%) of the E isomer, 15-E, whereas
the Z isomer, 15-Z, could not be detected in any case
(Table 1, entries 2 and 3). On the other hand, the same sub-
strate, 11, provided a mixture of 15-E and 15-Z with an ap-
proximately 1:1 ratio when catalysts B or C were used


(Table 1, entries 4 and 5), and an optimal total yield was re-
corded under reflux conditions in 1,2-dichloroethane
(Table 1, entry 6). Thus, the results of the RCM of com-
pound 11 were of great interest because the stereochemical
course could be controlled by choice of the RCM catalyst.
These findings prompted us to investigate the generality of
the reaction, and the analogous substrates 12–14 (Scheme 3)
were prepared from 11 by simple functional-group manipu-


Scheme 1. Synthetic strategy for macrolide 1. PG: protecting group;
PMB: para-methoxybenzyl; TBS: tert-butyldimethylsilyl ; Tf: trifluorome-
thanesulfonyl.


Scheme 2. Synthesis of the RCM substrate 11 from (+)-diethyl tartrate
(6). a) Cyclohexanone, p-TsOH; b) LiAlH4; c) NaH, TBSCl (73%,
3 steps); d) SO3–Py, DMSO, Et3N (92%); e) Ph3P=CH2, THF (76%);
f) 3, Pd ACHTUNGTRENNUNG(OAc)2, Ph3P, Et3N, DMF (63%); g) TBAF, THF (95%);
h) (COCl)2, DMSO, CH2Cl2; then Et3N; i) CH2I2, Zn, Me3Al, THF (57%,
2 steps); j) 4, NaHMDS, THF (93%). DMSO: dimethylsulfoxide;
NaHMDS: sodium hexamethyldisilazide; p-TsOH: toluene-4-sulfonic
acid; Py: pyridine; TBAF: tetrabutylammonium fluoride.


Scheme 3. RCM reaction of substrates 11–14. Cy: cyclohexyl; Mes: mesi-
tyl; MOM: methoxymethyl.
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lations (see the Experimental Section). As shown in Table 1,
similar results were obtained for TBS ether 12, methyl ether
13, and methoxymethyl ether 14 ; that is, exclusive formation
of the E isomer was observed when catalyst A was used,
whereas both isomers were formed when catalysts B or C
were used (Table 1, entries 7–13).
The reaction mechanism of RCM has been well estab-


lished by both theoretical and experimental studies;[11] it in-
volves a sequence of phosphane-ligand dissociation from the
alkylidene metal complex, olefin coordination (p-complex
formation), formal [2+2] cycloaddition (metallacyclobutane
formation), cycloreversion (another p-complex formation),
and release of the product olefin. Generally, the reversible
nature of this sequential process is responsible for the ther-
modynamic control of the metathesis product.[12] Thus, in
principle, the stereochemical outcome of the RCM reaction
to form macrocycles will be governed by the thermal stabili-
ties of the corresponding E and Z isomers, and a thermody-
namic distribution of the products will be achieved after suf-
ficient reaction time. Although this may imply that the same
substrate will always produce a settled ratio of the E/Z mix-
ture regardless of the class of RCM initiator, there have
been a number of examples in which the structure of the
RCM initiator affected the E/Z selectivity of the macrocy-
clic products. This fact has been reasonably explained on the
basis of different degrees of catalytic activity and thermal
stability among RCM initiators with different ligands.[13] It
has been well recognized that first-generation catalysts, with
two phosphane ligands, show much less activity and stability
than second-generation catalysts, with one N-heterocyclic
carbene (NHC) ligand.[11e,14] As sufficient activity and stabil-
ity of the catalysts is needed to establish thermodynamic
equilibrium, first-generation catalysts are, in general, prone
to produce macrocyclic compounds with a relatively kinetic
E/Z ratio, whereas second-generation catalysts are likely to
afford products under thermodynamic control.[15]


In light of this, one possible explanation for the selectivity
of the present study is as follows: the E isomer was initially


formed as a kinetic product in each case (catalysts A–C)
and catalysts B and C established the thermodynamic equi-
librium (E/Z�1:1 for 15-E/15-Z, E/Z�5:1 for 16-E/16-Z,
etc.) by secondary isomerization, but catalyst A could not
do that due to its relatively low reactivity and stability. This
interpretation was ruled out, however, because 1) the reac-
tions of 11 with catalyst A or B under the same conditions
as those depicted in Scheme 3 were traced by 1H NMR spec-
troscopy and it was revealed that the E/Z ratios remained
constant throughout the reaction from the beginning for
24 h (only E isomer for catalyst A, E/Z�1:1 for catalyst B),
and 2) pure isolated E isomer (15-E) and Z isomer (15-Z)
were allowed to react with catalysts A and B under the
same conditions but the substrates were recovered un-
changed in all four cases (even under an ethylene atmos-
phere). These experimental findings clearly indicate that re-
verse ring opening cannot proceed once macrocyclization
occurs and interconversion between the E and Z isomers is
impossible under the above reaction conditions. Therefore,
it is most likely that the RCM in this study is a purely kinet-
ically controlled reaction and the stereochemical results do
not depend on the relative stabilities of the E and Z iso-
mers.
A question is raised as to why the stereochemical course


of the present RCM is changed by the catalysts under the
kinetic control. Recent advances in the understanding of the
function of various ligands on RCM catalysts have provided
insight into the factors controlling E/Z selectivity for macro-
cyclic-olefin formation.[11–15] In particular, DFT-calculation
studies have suggested the energy levels of intermediates in
olefin-metathesis catalytic cycles, including those with first-
and second-generation ruthenium complexes.[16] To explain
our experimental results, we would like to set forth a hy-
pothesis that the energy level of the intermediate ruthenacy-
clobutane is higher than that of olefin–ruthenium p complex
in the case of bisphosphane-type catalysts, but lower in the
case of NHC-containing catalysts.[17] This idea is consistent
with the fact that NHCs, being stronger two-electron s


donors, can better stabilize the Ru4+ center of the metalla-
cyclobutane than a phosphine group.[14] This implies that the
rate-determining step is likely to be ruthenacycle formation
in the former case (that is, with catalyst A) and ruthenacycle
cleavage in the latter case (that is, with catalysts B and
C).[18]


Based on this hypothesis, a rationale for the observed ste-
reochemical outcome of the present RCM could be reached.
A stepwise transformation for macrocyclization, which ulti-
mately determines the E/Z selectivity, is illustrated in
Scheme 4. Formation of olefin–ruthenium p complex 19 is
the initial step for macrocyclization, if it is assumed that the
first interaction of the Ru catalyst with the w-diene sub-
strate occurs at the less-hindered double bond. Two possible
pathways exist for ruthenacycle formation and lead to trans-
ruthenacycle 20 and cis-ruthenacycle 21; the latter is proba-
bly less stable due to repulsion of the substituents on the
four-membered ring. These ruthenacycles can return to the
initial p complex 19 or go on to one of two other p com-


Table 1. Yields after isolation of the RCM products 15–18.


Entry Substrate Catalyst
(amount used [mol%])


Yield of
E [%][a]


Yield of
Z [%][a]


1 11 A (5) 64 (85) 0
2 A (10) 72 (79) 0
3 A (20) 78 (88) 0
4 B (5) 21 (42) 16 (32)
5 C (5) 10 (20) 11 (22)
6[b] C (5) 44 (47) 39 (42)
7 12 A (5) 47 (94) 0
8 B (5) 35 (85) 6 (15)
9 C (5) 30 (56) 6 (11)
10 13 A (5) 38 (62) 0
11 B (5) 51 (51) 24 (24)
12 14 A (5) 77 (77) 0
13 B (5) 51 (51) 29 (29)


[a] Yields in parentheses are based on the recovered starting material.
[b]The reaction was carried out in 1,2-dichloroethane under reflux condi-
tions.
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plexes, 22 or 23, which provide the E-macrocyclic-olefin
product or the Z isomer, respectively, after dissociation of
the p complex. If the formation of the ruthenacycles 20 and
21 is indeed the rate-determining step when catalyst A is
used, production of the E-macrocyclic-olefin product will
prevail over that of the Z isomer because of the lower
energy barrier for the formation of the more stable trans-
ruthenacycle 20 than that for the formation of 21. This con-
curs with our experimental results in which exclusive forma-
tion of the E isomer was observed. On the other hand, rela-
tively unstable cis-ruthenacycle 21 should have a lower
energy barrier for ruthenacycle cleavage, that is, conversion
of 21 into 23, than the equivalent barrier for 20 (to form
22). If the ruthenacycle cleavage is the rate-determining
step when the ligand (L) is NHC (that is, with catalysts B or
C), it is expected that ruthenacycles 20 and 21 will undergo
fast equilibrium with a predominance of the more stable 20,
which conversely has a higher energy barrier for this rate-
determining step. Therefore, competitive formation of the E
macrocyclic olefin and the Z isomer will arise, as was ob-
served in the present study. Once the macrocyclic-olefin
products are released, these compounds cannot participate
in the reaction in a reversible manner, probably because p-
complex formation with the Ru catalyst is impeded due to
steric congestion of the spiro-bicyclic acetal moiety.


Conclusion


In this paper, we have described a novel kinetically con-
trolled RCM reaction as a part of an efficient access to a po-
tential scaffold for 12-membered salicylic macrolide com-
pounds. The synthesized macrocyclic compounds 15–18 are
fully functionalized for further transformations and are good
starting points for SAR investigation of bioactive salicylic
macrolides. We have proposed that the change in the E/Z
selectivity depending on the type of RCM initiator may be
attributed to alteration of the rate-determining step in the
RCM catalytic cycle. Consideration of the stereochemical


course of the RCM reaction in
this study may bring forward
some new ideas for macrocycle-
forming RCM reactions.[19]


Experimental Section


General remarks : All nonaqueous re-
actions were carried out under an Ar
atmosphere. Reagents were purchased
from commercial sources and used as
received. Anhydrous solvents were
prepared by distillation over CaH2 or
purchased from commercial sources.
1H and 13C NMR spectra were ob-
tained on a Varian Gemini 300 instru-
ment by using the chloroform peak as
an internal reference (br s refers to
broad singlet). Mass spectra were mea-
sured on a JEOL D-200 or a JEOL


AX 505 mass spectrometer, and the ionization method was electron
impact (EI, 70 eV). IR spectra were recorded on a JASCO FT/IR-
460Plus spectrometer. Column chromatography was carried out by em-
ploying Cica silica gel 60N (spherical, neutral, 40–50 mm or 63–210 mm).
Compound 7 was prepared according to reported methods from (+)-di-
ethyl l-tartrate (6).[20]


Compound 5 : Sulfur trioxide/pyridine complex (5.87 g, 36.1 mmol) in
DMSO (21 mL) was added to a stirred solution of the alcohol 7 (2.37 g,
7.5 mmol) in DMSO (15 mL) and Et3N (15 mL) at room temperature
under an Ar atmosphere. After the mixture had been continuously
stirred for 6 h at room temperature, it was diluted with water and extract-
ed with Et2O. The organic layer was washed with brine and dried over
MgSO4, and the solvent was evaporated to leave a residue, which was pu-
rified by chromatography on silica gel to afford the corresponding alde-
hyde (2.18 g, 92%) as a pale-yellow oil.


nBuLi (1.6m in hexane, 8.65 mL, 13.85 mmol) was added to a suspension
of methyltriphenylphosphonium iodide (5.60 g, 13.85 mmol) in anhydrous
THF (25 mL) at 0 8C. After the mixture had been stirred for 30 min at
room temperature, the aldehyde (2.18 g, 6.92 mmol) in THF was added
and the resulting mixture was stirred for 10 h. The reaction mixture was
diluted with saturated NH4Cl and the aqueous mixture was extracted
with Et2O. The organic layer was dried over MgSO4 and then evaporated.
The residue was purified by silica gel column chromatography to afford
olefin 5 (1.64 g, 76%) as a pale-yellow oil. [a]19D =�3.35 (c=1.00 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=5.91–5.80 (m, 1H), 5.35 (d, J=


17 Hz, 1H), 5.21 (d, J=10 Hz, 1H), 4.33–4.28 (m, 1H), 3.78–3.72 (m,
3H), 1.63 (br s, 8H), 1.38 (br s, 2H), 0.89 (s, 9H), 0.07 ppm (s, 6H);
13C NMR (75 MHz, CDCl3): d=136.2, 118.0, 109.8, 81.0, 79.2, 62.9, 36.83,
36.75, 26.2, 25.4, 24.2, 24.1, 18.6, �5.0 ppm; IR (neat): ñ =2934, 2858,
1254, 1143, 1097 cm�1; MS (EI): m/z : 312 [M+]; HRMS (EI): m/z : calcd
for C17H32O3Si: 312.2121 [M


+]; found: 312.2145.


Compound 8 : A mixture of olefin 5 (90 mg, 0.288 mmol), triflate 3[4c,21]


(94 mg, 0.288 mmol), Pd ACHTUNGTRENNUNG(OAc)2 (3.2 mg, 0.0144 mmol), PPh3 (7.6 mg,
0.0288 mmol), and Et3N (120 mL, 0.864 mmol) in DMF (2.5 mL) was
heated at 80 8C on an oil bath for 12 h. The mixture was diluted with
Et2O and filtered through a Celite pad. The filtrate was washed with
water and brine, then dried over MgSO4. The solvent was evaporated to
leave a residue, which was purified by chromatography on silica gel to
afford compound 8 (89 mg, 63%) as a pale-yellow oil. [a]18D =�9.95 (c=


1.00 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.75 (d, J=16 Hz, 1H),


7.44 (t, J=8.0 Hz, 1H), 7.26 (d, J=8.0 Hz, 1H), 6.86 (d, J=8.0 Hz, 1H),
6.17 (dd, J=16, 7.4 Hz, 1H), 4.54 (dd, J=8.3, 7.4 Hz, 1H), 3.89–3.81 (m,
3H), 1.75–1.43 (m, 14H), 1.40 (br s, 2H), 0.88 (s, 9H), 0.09 (s, 3H),
0.07 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d =160.1, 156.8, 141.1,
135.2, 131.6, 131.1, 121.7, 116.7, 111.0, 110.1, 105.4, 81.4, 78.7, 63.0, 36.9,
36.8, 26.2, 26.0, 25.8, 25.5, 24.2, 24.1, 18.6, �4.96, �5.01 ppm; IR (neat):


Scheme 4. RCM catalytic cycle for the formation of the E and Z isomers. L: ligand; RDS: rate-determining
step.
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ñ=2997, 2993, 1739, 1578, 1476, 1317, 1272 cm�1; MS (EI): m/z : 488 [M+


]; HRMS (EI): m/z : calcd for C27H40O6Si: 488.2594 [M+]; found:
488.2557.


Compound 9 : A 1m solution of tetra-n-butylammonium fluoride in THF
(3.17 mL, 3.17 mmol) was added to a stirred solution of 8 (1.55 g,
3.17 mmol) in THF (15 mL) at room temperature, and the mixture was
stirred for 2.5 h at room temperature. The solvent was evaporated off to
leave a residue, which was dissolved in AcOEt; the resulting organic
layer was washed with water and brine, then dried over MgSO4. Evapora-
tion of the solvent left a residue, which was purified by chromatography
on silica gel to give the alcohol 9 (1.13 g, 95%) as a pale-yellow oil.
[a]19D =++7.55 (c=1.00 in CHCl3);


1H NMR (300 MHz, CDCl3): d =7.68
(d, J=16 Hz, 1H), 7.44 (t, J=8.0 Hz, 1H), 7.23 (d, J=8.0 Hz, 1H), 6.86
(d, J=8.0 Hz, 1H), 6.11 (dd, J=16, 7.4 Hz, 1H), 4.52 (dd, J=8.2, 7.4 Hz,
1H), 3.92–3.85 (m, 2H), 3.74–3.69 (m, 1H), 2.29 (br s, 1H), 1.73–1.64 (m,
14H), 1.40 ppm (br s, 2H); 13C NMR (75 MHz, CDCl3): d=160.2, 156.7,
140.8, 135.3, 132.0, 130.7, 121.8, 116.8, 111.0, 110.2, 105.5, 81.0, 78.1, 61.4,
36.8, 36.7, 26.1, 25.6, 25.3, 24.1, 24.0 ppm; IR (neat): ñ =3461, 3005, 2937,
2861, 1730 cm�1; MS (EI): m/z : 374 [M+]; HRMS (EI): m/z : calcd for
C21H26O6: 374.1729 [M


+]; found: 374.1723.


Compound 10 : DMSO (34 mL, 0.48 mmol) was dissolved in anhydrous
CH2Cl2 (1 mL) and cooled to �78 8C. Oxalyl chloride (28 mm, 0.32 mmol)
was added dropwise to the solution, and the resulting mixture was stirred
for 15 min at �78 8C. A solution of alcohol 9 (60 mg, 0.16 mmol) in
CH2Cl2 (0.5 mL) was added to the reaction mixture and stirred at �78 8C.
After 1 h, Et3N (0.11 mL, 0.80 mmol) was added, and the resulting mix-
ture was warmed to room temperature for 0.5 h. The mixture was diluted
with CH2Cl2, washed with 5% HCl, saturated NaHCO3, and brine, then
dried over MgSO4. The solvent was evaporated and the residue obtained
was purified by chromatography on silica gel to afford the corresponding
aldehyde (55 mg) as a colorless oil, which was used immediately for the
next reaction.


Me3Al (2.0m in hexane, 0.15 mL, 0.3 mmol) was added to a suspension of
zinc powder (290 mg, 4.43 mmol) and diiodomethane (396 mg,
1.48 mmol) in anhydrous THF (1 mL) at 0 8C. After 15 min, a solution of
the aldehyde (55 mg) in THF (0.5 mL) was added dropwise, and the reac-
tion mixture was stirred for 3.5 h at 0 8C and for an additional 0.5 h at
room temperature. The reaction mixture was diluted with Et2O, washed
successively with 5% HCl and brine, then dried over MgSO4. Evapora-
tion of the solvent gave a residue, which was purified by column chroma-
tography to afford the compound 10 (34 mg, 57% over 2 steps) as a pale-
yellow oil. [a]14D =�1.38 (c=1.00 in CHCl3);


1H NMR (300 MHz, CDCl3):
d=7.75 (d, J=16 Hz, 1H), 7.45 (t, J=8.0 Hz, 1H), 7.27 (d, J=8.0 Hz,
1H), 6.88 (d, J=8.0 Hz, 1H), 6.13 (dd, J=16, 7.1 Hz, 1H), 5.95–5.84 (m,
1H), 5.40 (dd, J=17, 2.5 Hz, 1H), 5.27 (dd, J=10, 2.5 Hz, 1H), 4.35 (dd,
J=7.4, 7.1 Hz, 1H), 4.21 (dd, J=7.4, 6.6 Hz, 1H), 1.70 (br s, 14H),
1.41 ppm (br s, 2H); 13C NMR (75 MHz, CDCl3): d=160.2, 156.8, 140.9,
135.3, 134.4, 131.9, 129.9, 121.8, 118.9, 116.8, 111.1, 110.2, 105.4, 82.1,
81.6, 36.83, 36.77, 26.0, 25.8, 25.4, 24.1 ppm; IR (neat): ñ =2937, 2861,
1732, 1600, 1578, 1477 cm�1; MS (EI): m/z : 370 [M+]; HRMS (EI): m/z :
calcd for C22H26O5: 370.1780 [M


+]; found: 370.1757.


Compound 11: NaHMDS (1.0m in THF, 4.49 mL, 4.49 mmol) was added
dropwise to a stirred solution of alcohol 4[22] (848 mg, 3.59 mmol) in an-
hydrous THF (20 mL) at 0 8C, and the mixture was stirred for 1 h. A so-
lution of compound 10 (1.10 g, 2.99 mmol) in THF (10 mL) was added to
the reaction mixture, which was stirred for 0.5 h at 0 8C and for an addi-
tional 2 h at room temperature. The reaction was quenched with 5%
HCl, the aqueous solution was extracted with AcOEt, and the combined
organic layer was dried over MgSO4. Evaporation of the solvent left a
residue, which was purified by chromatography on silica gel to give com-
pound 11 (1.53 g, 93%) as a colorless oil. [a]24D =�16.85 (c=1.00 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=11.26 (s, 1H), 7.34 (t, J=


8.0 Hz, 1H), 7.27 (d, J=15 Hz, 1H), 7.19 (d, J=8.7 Hz, 2H), 6.94–6.90
(m, 2H), 6.80 (d, J=8.7 Hz, 2H), 5.91–5.75 (m, 3H), 5.49–5.38 (m, 1H),
5.40 (d, J=17 Hz, 1H), 5.27 (d, J=10 Hz, 1H), 5.13 (d, J=9.9 Hz, 1H),
5.12 (d, J=18 Hz, 1H), 4.41 (d, J=11 Hz, 1H), 4.36 (d, J=11 Hz, 1H),
4.23–4.13 (m, 2H), 3.76 (s, 3H), 3.52–3.46 (m, 2H), 2.52–2.46 (m, 2H),
2.03–1.95 (m, 2H), 1.65 (br s, 8H), 1.42 ppm (br s, 2H); 13C NMR


(75 MHz, CDCl3): d=170.4, 162.3, 159.2, 140.4, 134.9, 134.7, 134.2, 133.2,
130.2, 129.4, 127.0, 120.3, 119.0, 118.7, 117.5, 113.8, 111.2, 110.0, 82.3,
81.5, 73.4, 72.9, 66.1, 55.4, 39.0, 37.0, 36.8, 34.0, 25.4, 24.1 ppm; IR (neat):
ñ=2936, 2861, 1734, 1658, 1514, 1449 cm�1; MS (EI): m/z : 548 [M+];
HRMS (EI): m/z : calcd for C33H40O7: 548.2774 [M


+]; found: 548.2785.


Compound 12 : TBSOTf (0.32 mL, 1.37 mmol) was added dropwise to a
stirred solution of compound 11 (500 mg, 0.911 mmol) and 2,6-lutidine
(0.16 mL, 1.37 mmol) in CH2Cl2 (10 mL) at 0 8C under an Ar atmosphere.
After the mixture had been continuously stirred for 2 h at 0 8C, it was di-
luted with CH2Cl2, washed successively with 5% HCl, saturated
NaHCO3, and brine, and dried over MgSO4. Evaporation of the solvent
afforded a residue, which was purified by chromatography on silica gel to
give compound 12 (602 mg, 99%) as a colorless oil. [a]25D =�14.58 (c=


1.00 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.25 (d, J=8.7 Hz, 2H),


7.23–7.13 (m, 2H), 6.86 (d, J=8.7 Hz, 2H), 6.77 (d, J=8.0 Hz, 1H), 6.64
(d, J=16 Hz, 1H), 6.12 (dd, J=16, 6.6 Hz, 1H), 5.87–5.73 (m, 2H), 5.35
(d, J=17 Hz, 1H), 5.25–5.21 (m, 2H), 5.14–5.07 (m, 2H), 4.45 (d, J=


11 Hz, 1H), 4.39 (d, J=11 Hz, 1H), 4.18–4.13 (m, 2H), 3.80 (s, 3H),
3.58–3.53 (m, 2H), 2.54–2.47 (m, 2H), 2.01–1.95 (m, 2H), 1.57 (br s, 8H),
1.40 (br s, 2H), 0.97 (s, 9H), 0.23 ppm (s, 6H); 13C NMR (75 MHz,
CDCl3): d =167.3, 159.1, 152.5, 135.1, 134.4, 133.5, 130.5, 130.1, 129.9,
129.3, 128.5, 119.1, 118.4, 118.3, 113.9, 110.1, 82.1, 81.7, 72.9, 72.7, 66.6,
55.5, 38.6, 36.9, 36.8, 33.4, 26.0, 25.4, 24.1, 18.6, �3.8 ppm; IR (neat): ñ=


2934, 2859, 1731, 1514, 1467 cm�1; MS (EI): m/z : 662 [M+]; HRMS (EI):
m/z : calcd for C39H54O7Si: 662.3639 [M


+]; found: 662.3643.


Compound 13 : MeI (0.5 mL) was added to a mixture of compound 11
(110 mg, 0.2 mmol) and K2CO3 (276 mg, 2 mmol) in DMF (3 mL), and
the resulting mixture was stirred at room temperature for 1.5 h. The reac-
tion mixture was diluted with H2O and the aqueous mixture was extract-
ed with Et2O. The organic layer was washed with brine and then dried.
Evaporation of the solvent gave a residue, which was purified by chroma-
tography on silica gel to afford the methyl ether 13 (79 mg, 70%) as a
colorless oil. [a]25D =�17.45 (c=1.68 in CHCl3);


1H NMR (300 MHz,
CDCl3): d =7.30–7.25 (m, 3H), 7.18 (d, J=8.1 Hz, 1H), 6.87 (d, J=


8.5 Hz, 2H), 6.82 (d, J=8.1 Hz, 1H), 6.69 (d, J=16 Hz, 1H), 6.17 (dd,
J=16, 6.8 Hz, 1H), 5.90–5.75 (m, 2H), 5.45–5.40 (m, 1H), 5.35 (d, J=


17 Hz, 1H), 5.23 (d, J=11 Hz, 1H), 5.15–5.07 (m, 2H), 4.48 (d, J=11 Hz,
1H), 4.42 (d, J=11 Hz, 1H), 4.20–4.13 (m, 2H), 3.80 (s, 3H), 3.76 (s,
3H), 3.62–3.55 (m, 2H), 2.53–2.47 (m, 2H), 2.00–1.93 (m, 2H), 1.62 (br s,
8H), 1.40 ppm (br s, 2H); 13C NMR (75 MHz, CDCl3): d=167.2, 159.1,
156.2, 134.7, 134.2, 133.4, 130.4, 130.1, 129.7, 129.2, 129.1, 128.6, 123.4,
118.8, 118.0, 117.7, 113.7, 113.6, 110.1, 109.9, 81.9, 81.4, 72.7, 72.0, 66.2,
55.6, 55.2, 38.7, 36.5, 36.4, 33.7, 25.0, 23.8, 23.7 ppm; IR (neat): ñ =2936,
2860, 1731, 1577, 1514, 1472 cm�1; MS (EI): m/z : 562 [M+]; HRMS (EI):
m/z : calcd for C34H42O7: 562.2931 [M


+]; found: 562.2958.


Compound 14 : Chloromethyl methyl ether (30 mL, 0.4 mmol) was added
to a mixture of compound 11 (110 mg, 0.2 mmol) and diisopropylethyl-
amine (105 mL, 0.6 mmol) in dry CH2Cl2 (3 mL), and the resulting mix-
ture was stirred at room temperature for 2.5 h. The reaction mixture was
diluted with CH2Cl2 and washed successively with 10% HCl, saturated
NaHCO3, and brine. The organic layer was dried and evaporated to give
a residue, which was purified by chromatography on silica gel to afford
the MOM ether 14 (84 mg, 71%) as a pale-yellow oil. [a]25D =�13.72 (c=


1.97 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.35–7.21 (m, 4H), 7.08


(d, J=8.1 Hz, 1H), 6.90 (d, J=8.5 Hz, 2H), 6.67 (d, J=16 Hz, 1H), 6.19
(dd, J=16, 6.6 Hz, 1H), 5.95–5.78 (m, 2H), 5.50–5.35 (m, 2H), 5.29–5.05
(m, 5H), 4.49 (d, J=11 Hz, 1H), 4.45 (d, J=11 Hz, 1H), 4.25–4.12 (m,
2H), 3.82 (s, 3H), 3.65–3.60 (m, 2H), 3.45 (s, 3H), 2.51 (t, J=6.3 Hz,
2H), 2.02–1.95 (m, 2H), 1.65 (br s, 8H), 1.42 ppm (br s, 2H); 13C NMR
(75 MHz, CDCl3): d=166.9, 159.0, 153.6, 134.7, 134.1, 133.3, 130.3, 130.0,
129.5, 129.2, 129.1, 128.7, 124.1, 118.8, 118.0, 113.7, 113.6, 109.9, 94.4,
81.9, 81.4, 72.7, 72.1, 66.3, 56.1, 55.3, 36.6, 33.8, 25.2, 23.9 ppm; IR (neat):
ñ=2936, 2860, 1732, 1646, 1615, 1577, 1514, 1471 cm�1; MS (EI): m/z :
592 [M+]; HRMS (EI): m/z : calcd for C35H44O8: 592.3036 [M


+]; found:
592.2990.


General procedure for the RCM reaction of compounds 11–14 : Ru cata-
lyst (A–C, 5–20 mol%) was added to a solution of substrate (11–14,
0.1 mmol) in CH2Cl2 (100 mL), and the mixture was stirred at room tem-
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perature for 24 h under an Ar atmosphere. In the case described in
entry 6 of Table 1, the reaction was performed in 1,2-dichloroethane
under reflux at the same concentration for 24 h. The reaction mixture
was concentrated in vacuo and subjected to column chromatography. The
starting material, E isomer, and Z isomer could be easily separated. The
yields of isolated product are indicated in Table 1.


Compound 15-E : Pale-yellow oil; [a]27D =++146.02 (c=0.4 in CHCl3);
1H NMR (300 MHz, CDCl3): d=10.91 (s, 1H), 7.34 (t, J=8.0 Hz, 1H),
7.24 (d, J=8.8 Hz, 2H), 6.94 (d, J=8.0 Hz, 1H), 6.89 (d, J=8.0 Hz, 1H),
6.87 (d, J=8.8 Hz, 2H), 6.64 (d, J=16 Hz, 1H), 5.94 (dd, J=16, 6.6 Hz,
1H), 5.84–5.74 (m, 1H), 5.54–5.42 (m, 2H), 4.46 (d, J=12 Hz, 1H), 4.39
(d, J=12 Hz, 1H), 4.16 (dd, J=8.7, 6.6 Hz, 1H), 4.04 (t, J=8.7 Hz, 1H),
3.81 (s, 3H), 3.51 (dd, J=6.9, 5.8 Hz, 2H), 2.70–2.65 (m, 2H), 2.18–2.05
(m, 1H), 1.96–1.85 (m, 1H), 1.69 (br s, 8H), 1.26 ppm (br s, 2H);
13C NMR (75 MHz, CDCl3): d=170.5, 161.8, 159.2, 139.9, 135.7, 134.4,
131.8, 130.1, 129.4, 128.0, 125.1, 119.8, 117.0, 113.9, 112.1, 110.6, 83.4,
82.3, 73.3, 72.9, 66.6, 55.5, 37.0, 36.9, 35.0, 33.5, 25.4, 24.12, 24.07 ppm; IR
(neat): ñ=2936, 2861, 1731, 1654, 1603, 1514, 1450 cm�1; MS (EI): m/z :
520 [M+]; HRMS: m/z : calcd for C31H36O7: 520.2461 [M+]; found:
520.2504.


Compound 15-Z : Pale-yellow oil; [a]28D =++84.59 (c=1.0 in CHCl3);
1H NMR (300 MHz, CDCl3): d=10.12 (s, 1H), 7.33 (t, J=8.0 Hz, 1H),
7.22 (d, J=8.7 Hz, 2H), 6.87 (d, J=8.0 Hz, 1H), 6.86 (d, J=8.7 Hz, 2H),
6.85 (d, J=8.0 Hz, 1H), 6.73 (d, J=17 Hz, 1H), 6.03 (dd, J=17, 4.4 Hz,
1H), 5.81 (dt, J=12, 4.5 Hz, 1H), 5.60 (dd, J=12, 9.1 Hz, 1H), 5.03 (m,
1H), 4.53 (t, J=9.1 Hz, 1H), 4.46 (d, J=12 Hz, 1H), 4.37 (d, J=12 Hz,
1H), 4.38–4.34 (m, 1H), 3.81 (s, 3H), 3.54 (dd, J=6.9, 5.8 Hz, 2H), 2.85–
2.73 (m, 1H), 2.42–2.37 (m, 1H), 2.29–2.18 (m, 1H), 1.94–1.83 (m, 1H),
1.68 (br s, 8H), 1.22 ppm (br s, 2H); 13C NMR (75 MHz, CDCl3): d=


170.5, 160.5, 159.2, 140.0, 134.2, 132.7, 132.6, 130.2, 129.6, 129.3, 126.7,
119.4, 116.5, 113.9, 112.5, 110.1, 79.6, 76.5, 76.1, 72.8, 66.1, 55.5, 36.9, 34.4,
33.3, 25.3, 24.12, 24.07 ppm; IR (neat): ñ=3218, 2934, 2857, 1733, 1669,
1605, 1571, 1514, 1455 cm�1; MS (EI): m/z : 520 [M+]; HRMS: m/z calcd
for C31H36O7: 520.2461 [M


+]; found: 520.2484.


Compound 16-E : Pale-yellow oil; [a]25D =++132.64 (c=1.0 in CHCl3);
1H NMR (300 MHz, CDCl3): d =7.28 (d, J=8.8 Hz, 2H), 7.21 (t, J=


8.0 Hz, 1H), 7.06 (d, J=8.0 Hz, 1H), 6.89 (d, J=8.7 Hz, 2H), 6.74 (d, J=


8.0 Hz, 1H), 6.23 (d, J=16 Hz, 1H), 5.90 (dd, J=16, 7.4 Hz, 1H), 5.67–
5.57 (m, 1H), 5.47 (dd, J=16, 7.4 Hz, 1H), 5.04–4.97 (m, 1H), 4.50 (d,
J=11 Hz, 1H), 4.41 (d, J=11 Hz, 1H), 4.05 (dd, J=8.6, 7.4 Hz, 1H),
3.93 (dd, J=8.6, 7.4 Hz, 1H), 3.81 (s, 3H), 3.59 (t, J=6.3 Hz, 2H), 2.61–
2.52 (m, 1H), 2.43–2.24 (m, 2H), 1.96–1.87 (m, 1H), 1.67 (br s, 8H), 1.43
(br s, 2H), 0.98 (s, 9H), 0.24 ppm (s, 6H); 13C NMR (75 MHz, CDCl3):
d=168.3, 159.2, 151.6, 135.8, 133.1, 131.7, 130.4, 130.2, 129.4, 128.2, 126.8,
126.4, 117.84, 117.81, 113.9, 110.6, 83.1, 82.7, 77.1, 72.3, 66.4, 55.5, 36.9,
36.8, 35.4, 35.3, 25.9, 25.3, 24.1, 18.5, �3.7, �4.1 ppm; IR (neat): ñ =2933,
2859, 1728, 1574, 1514, 1468 cm�1; MS (EI): m/z : 634 [M+]; HRMS: m/z :
calcd for C37H50O7Si: 634.3326 [M


+]; found: 634.3322.


Compound 16-Z : Pale-yellow oil; [a]25D =++60.97 (c=0.48 in CHCl3);
1H NMR (300 MHz, CDCl3): d =7.30–7.22 (m, 3H), 6.97 (d, J=7.7 Hz,
1H), 6.89 (d, J=8.6 Hz, 2H), 6.80 (d, J=8.1 Hz, 1H), 6.52 (d, J=17 Hz,
1H), 6.03 (dd, J=17, 5.1 Hz, 1H), 5.86 (td, J=12, 4.3 Hz, 1H), 5.51 (t,
J=12 Hz, 1H), 5.39–5.32 (m, 1H), 4.48 (d, J=11 Hz, 1H), 4.45–4.40 (m,
2H), 4.30 (td, J=7.2, 1.3 Hz, 1H), 3.83 (s, 3H), 3.60 (t, J=6.4 Hz, 2H),
2.72–2.65 (m, 1H), 2.38–2.33 (m, 1H), 2.09–2.01 (m, 1H), 1.98–1.92 (m,
1H), 1.67 (br s, 8H), 1.43 (br s, 2H), 1.01 (s, 9H), 0.27 (s, 3H), 0.25 ppm
(s, 3H); 13C NMR (75 MHz, CDCl3): d =166.2, 159.1, 152.7, 137.6, 133.6,
130.5, 130.3, 130.2, 129.7, 129.2, 127.8, 124.5, 119.2, 118.3, 113.7, 110.1,
79.9, 76.7, 72.9, 72.4, 66.3, 60.4, 55.2, 36.6, 36.5, 35.9, 33.5, 25.7, 25.0, 23.8,
21.0, 18.3, 14.2, �4.1, �4.3 ppm; IR (neat): ñ=2932, 2857, 1731, 1574,
1514, 1464 cm�1; MS (EI): m/z : 634 [M+]; HRMS: m/z calcd for
C37H50O7Si: 634.3326 [M


+]; found: 634.3334.


Compound 17-E : Colorless oil; [a]25D =++121.97 (c=0.6 in CHCl3);
1H NMR (300 MHz, CDCl3): d =7.32–7.26 (m, 3H), 7.06 (d, J=7.7 Hz,
1H), 6.88 (d, J=8.5 Hz, 2H), 6.82 (d, J=8.1 Hz, 1H), 6.30 (d, J=16 Hz,
1H), 5.91 (dd, J=16, 7.7 Hz, 1H), 5.61 (ddd, J=16, 8.5, 5.1 Hz, 1H), 5.47
(dd, J=16, 8.1 Hz, 1H), 5.20–5.13 (m, 1H), 4.50 (d, J=12 Hz, 1H), 4.42
(d, J=12 Hz, 1H), 4.06 (t, J=8.5 Hz, 1H), 3.92 (t, J=8.1 Hz, 1H), 3.81


(s, 3H), 3.79 (s, 3H), 3.61–3.57 (m, 2H), 2.70–2.62 (m, 1H), 2.42–2.35 (m,
1H), 2.25–2.16 (m, 1H), 1.98–1.91 (m, 1H), 1.65 (brs, 8H), 1.40 ppm
(br s, 2H); 13C NMR (75 MHz, CDCl3): d =167.9, 155.3, 147.8, 135.5,
132.9, 131.4, 130.5, 130.4, 129.3, 128.6, 126.9, 123.3, 117.5, 113.8, 110.5,
109.8, 108.2, 82.9, 82.4, 75.3, 72.8, 66.2, 55.8, 55.3, 36.61, 36.56, 35.4, 35.3,
25.0, 23.80, 23.77 ppm; IR (neat): ñ =2936, 2860, 1731, 1576, 1514,
1472 cm�1; MS (EI): m/z : 534 [M+]; HRMS: m/z : calcd for C32H38O7:
534.2618 [M+]; found: 534.2611.


Compound 17-Z : Colorless oil; [a]25D =++29.63 (c=0.46 in CHCl3);
1H NMR (300 MHz, CDCl3): d =7.33–7.26 (m, 3H), 6.93 (d, J=7.3 Hz,
1H), 6.88 (d, J=8.5 Hz, 2H), 6.84 (d, J=8.1 Hz, 1H), 6.53 (d, J=16 Hz,
1H), 5.97 (dd, J=16, 5.5 Hz, 1H), 5.89 (td, J=12, 4.3 Hz, 1H), 5.52–5.45
(m, 2H), 4.50 (d, J=11 Hz, 1H), 4.43–4.36 (m, 2H), 4.26 (td, J=6.0,
0.9 Hz, 1H), 3.80 (s, 3H), 3.78 (s, 3H), 3.58 (t, J=6.4 Hz, 2H), 2.70–2.63
(m, 1H), 2.29–2.22 (m, 1H), 1.97–1.91 (m, 2H), 1.65 (br s, 8H), 1.40 ppm
(br s, 2H); 13C NMR (75 MHz, CDCl3): d =166.4, 159.1, 155.7, 137.0,
133.5, 130.8, 130.7, 130.4, 129.9, 129.3, 129.2, 127.5, 122.5, 118.9, 113.74,
113.70, 110.2, 109.9, 80.1, 76.6, 72.8, 66.0, 55.7, 55.2, 36.6, 36.5, 36.3, 34.2,
25.0, 23.8, 23.7 ppm; IR (neat): ñ=2936, 2860, 1732, 1576, 1514,
1470 cm�1; MS (EI): m/z : 534 [M+]; HRMS: m/z : calcd for C32H38O7:
534.2618 [M+]; found: 534.2642.


Compound 18-E : Colorless oil; [a]25D =++117.60 (c=1.09 in CHCl3);
1H NMR (300 MHz, CDCl3): d =7.32–7.27 (m, 3H), 7.11 (d, J=7.7 Hz,
1H), 7.04 (d, J=8.5 Hz, 1H), 6.89 (d, J=8.5 Hz, 2H), 6.30 (d, J=16 Hz,
1H), 5.91 (dd, J=16, 8.5 Hz, 1H), 5.61 (ddd, J=16, 9.8, 5.1 Hz, 1H), 5.47
(dd, J=16, 8.1 Hz, 1H), 5.20–5.15 (m, 1H), 5.12 (s, 2H), 4.49 (d, J=


12 Hz, 1H), 4.42 (d, J=12 Hz, 1H), 4.07 (t, J=8.5 Hz, 1H), 3.92 (t, J=


8.1 Hz, 1H), 3.80 (s, 3H), 3.60 (t, J=6.8 Hz, 2H), 3.43 (s, 3H), 2.68–2.60
(m, 1H), 2.40–2.32 (m, 1H), 2.23–2.15 (m, 1H), 1.99–1.93 (m, 1H), 1.65
(br s, 8H), 1.41 ppm (br s, 2H); 13C NMR (75 MHz, CDCl3): d =167.7,
159.2, 152.8, 135.5, 132.8, 131.3, 130.4, 130.3, 129.2, 128.6, 126.9, 123.4,
118.6, 113.8, 113.5, 110.5, 94.5, 82.9, 82.3, 75.3, 72.8, 66.2, 56.1, 55.2, 36.6,
36.5, 35.4, 35.2, 25.0, 23.8 ppm; IR (neat): ñ =2936, 2861, 1731, 1575,
1514, 1469 cm�1; MS (EI): m/z : 564 [M+]; HRMS: m/z : calcd for
C33H40O8: 564.2723 [M


+]; found: 564.2709.


Compound 18-Z : Colorless oil; [a]25D =++41.31 (c=2.87 in CHCl3);
1H NMR (300 MHz, CDCl3): d =7.31–7.26 (m, 3H), 7.07 (d, J=8.6 Hz,
1H), 6.99 (d, J=7.7 Hz, 1H), 6.88 (d, J=9.0 Hz, 2H), 6.52 (d, J=16 Hz,
1H), 5.98 (dd, J=16, 5.5 Hz, 1H), 5.89 (td, J=12, 4.3 Hz, 1H), 5.53–5.47
(m, 2H), 5.15 (d, J=6.8 Hz, 1H), 5.12 (d, J=6.8 Hz, 1H), 4.50 (d, J=


11 Hz, 1H), 4.42–4.38 (m, 2H), 4.26 (ddd, J=7.3, 6.0, 1.3 Hz, 1H), 3.80
(s, 3H), 3.59 (t, J=6.4 Hz, 2H), 3.42 (s, 3H), 2.72–2.65 (m, 1H), 2.28–
2.23 (m, 1H), 1.97–1.93 (m, 2H), 1.65 (br s, 8H), 1.41 ppm (br s, 2H);
13C NMR (75 MHz, CDCl3): d=166.2, 159.1, 153.3, 137.0, 133.5, 130.8,
130.6, 130.3, 129.8, 129.3, 129.2, 127.6, 123.4, 120.0, 113.8, 113.6, 110.2,
94.5, 80.0, 76.6, 72.8, 66.0, 56.1, 55.2, 36.6, 36.5, 36.3, 34.1, 25.0, 23.7 ppm;
IR (neat): ñ =2936, 2860, 1732, 1575, 1514, 1466 cm�1; MS (EI): m/z : 564
[M+]; HRMS: m/z : calcd for C33H40O8: 564.2723 [M


+]; found: 564.2740.
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Monomer versus Alcohol Activation in the 4-Dimethylaminopyridine-
Catalyzed Ring-Opening Polymerization of Lactide and Lactic ACHTUNGTRENNUNGO-Carboxylic
Anhydride


Colin Bonduelle,[a] Blanca Mart/n-Vaca,[a] Fernando P. Coss/o,*[b] and
Didier Bourissou*[a]


Introduction


Aliphatic polyesters, and especially polylactides (PLAs), are
attracting increasing attention as resorbable biomaterials
and commodity thermoplastics.[1] Spectacular progress has
been achieved over the last ten years regarding the prepara-
tion of PLAs under mild conditions with a high level of con-


trol in terms of molecular weight, polydispersity, end-group
fidelity, and even tacticity. In this respect, the organocata-
lyzed ring-opening polymerization (ROP) of lactide,[2] which
gives access to polymers free of metallic contaminants, is
particularly promising. This approach was pioneered in 2001
by Hedrick and co-workers[3] using 4-dimethylaminopyridine
(DMAP), a well-known catalyst for acylation and transes-
terification reactions.[4] A broad range of organocatalysts
were then developed, including N-heterocyclic carbenes
(NHCs),[5] trifluoromethanesulfonic acid (HOTf),[6] thiour-
ea/amine combinations,[7] guadinines,[8] and phosphazenes[9]


(Scheme 1).
The organocatalyzed ROP of lactide clearly proceeds very


differently to ROP promoted by metal complexes (so-called
coordination–insertion ROP),[10,11] but the precise mode of
action of the organocatalysts remains superficially under-
stood. Monomer activation has been frequently postulated,
except for phosphazenes, for which alcohol activation has
been proposed.[9] The competition between these two path-
ways has been recently investigated theoretically for the
NHC-catalyzed ROP of lactide[12] and the guanidine-cata-
lyzed ROP of d-valerolactone.[13] In addition, a comprehen-
sive DFT study by Zipse and co-workers demonstrated that
the nucleophilic pathway is far more favorable energetically
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lactide and the corresponding lactic O-
carboxylic anhydride (lacOCA) have
been studied computationally at the
B3LYP/6–31G(d) level of theory. The
solvent effect of dichloromethane was
taken into account through PCM/
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than the basic route in the DMAP-catalyzed esterification
of alcohols with acetic anhydride.[14]


In this context, we report herein a detailed computational
study of the DMAP-catalyzed ROP of lactide (Scheme 2)


and lactic O-carboxylic anhydride (lacOCA), an activated
equivalent.[15,16] In both cases, the base activation of the ini-
tiating/propagating alcohol (Scheme 3, path B) was much


more energetically favorable than the nucleophilic activa-
tion of the monomer (Scheme 3, path A). The key role of
multiple hydrogen bonding is evidenced, as well as the pos-
sibility of DMAP acting as a bifunctional catalyst.


Results and Discussion


All stationary points were optimized at the B3LYP/6–
31G(d) level of theory. The solvent effect of dichlorome-
thane was taken into account through PCM/SCRF single-
point calculations at the B3LYP/6–31G(d) level of theory.[17]


Unless otherwise stated, the various reaction profiles are
discussed in electronic energies.


Ring-opening of l-lactide : The ROP of l-lactide was calcu-
lated by modeling the initiating/propagating alcohol as
methanol. As anticipated, reaction (1) was predicted to be
favored enthalpically but disfavored entropically
(Table 1).[18] The resulting free enthalpy of reaction DG298K


is fairly small (DG=�6.1 and +1.2 kcalmol�1 in the gas
phase and dichloromethane, respectively).


The nucleophilic route for the ROP of lactide was investi-
gated first, and the acylpyridinium intermediate I was locat-
ed on the potential-energy surface (PES). The optimized ge-
ometry of I displays typical N�CO and C=O bond lengths
(1.47 and 1.20 N, respectively) and slight torsion between
the pyridinium ring and C=O skeleton (CorthoNCO torsion
angle: 148 ; Figure 1).[19] The alkoxide terminus liberated by
the ring-opening of lactide is strongly engaged in hydrogen
bonding with methanol (O···H�O 1.64 N). Extra stabiliza-
tion occurs through one of the ortho-hydrogen atoms of the
pyridinium ring (O···H�C 1.72 N).[20,21] Acylpyridinium spe-
cies I is located about DE=25 kcalmol�1 higher in energy
than the separated reactants, thus suggesting a fairly large
activation barrier for such a monomer activation pathway.


As a first evaluation of the concurrent basic route, the tet-
rahedral intermediates that result from the addition of
methanol to lactide were searched for on the PES. The local
minimum II1 corresponds to an ion-pair structure, with the
proton of methanol virtually transferred to the basic nitro-


Scheme 1. Representative organocatalysts developed for the ROP of lac-
tide.


Scheme 2. DMAP-catalyzed ROP of lactide and lacOCA.


Scheme 3. Schematic representation of the nucleophilic/monomer
(path A) and basic/alcohol (path B) activation mechanisms for the
DMAP-catalyzed ROP of lactide and lacOCA (ROH refers to the initiat-
ing/propagating alcohol).


Table 1. Energetic data of the model ring-opening reactions (1)—(3) of
lactide and lacOCA.


Reaction DEint
[a]


[kcalmol�1]
DH298K


[kcalmol�1]
DS298K


[calmol�1K�1]
DG298K


[kcalmol�1]


(1) gas �17.6 �15.7 �32.2 �6.1
(1) dichloromethane �10.2 �8.3 �31.8 +1.2
(2) gas �19.2 �19.4 �4.3 �18.1
(2) dichloromethane �15.2 �15.4 �4.7 �14.0
(2a) gas �16.2 �14.0 �34.9 -3.6
(2a) dichloromethane �12.1 �9.9 �34.9 +0.5
(2b) gas �3.0 �5.4 +30.5 �14.5
(2b) dichloromethane �3.1 �5.5 +30.2 �14.5
(3) gas �14.1 �14.5 �6.7 �12.5
(3) dichloromethane �10.6 �11.0 �6.7 �9.0


[a] At the B3LYP/6–31G(d) level of theory.
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gen atom of DMAP (N�H 1.07 N), and with the negatively
charged exocyclic oxygen atom engaged in weak nonclassi-
cal hydrogen bonding[20] with one of the ortho-hydrogen
atoms of the pyridinium ring (O···H�C 1.97 N). The neutral
form II2 was also optimized. As a result of the proton trans-
fer, the shortest hydrogen bond involves, in this case, the
exocyclic OH group and basic nitrogen atom from DMAP
(N···H�O 1.78 N). From an energetic viewpoint, the ion-pair
intermediate II1 is located on a very flat region of the PES,
namely, about DE=10 kcalmol�1 higher in energy than the
separated reactants. The neutral form II2 is more stable
than II1 by about DE=20 kcalmol�1 in the gas phase. This
energy separation decreases to DE=10 kcalmol�1 in di-
chloromethane, probably because of the superior stabiliza-
tion of the more polar structure II1.


Given the higher stability of the tetrahedral versus acyl-
pyridinium intermediates, the whole reaction profile of the
basic route[22] was studied (Figure 2). The transition states
TS1 and TS2, which connect the ion-pair intermediate II1 to
the ternary complex of reactants R and the neutral inter-
mediate II2, respectively, were located. Both TS1 and TS2
are very close in energy to II1, with barrier heights of only a
few kcalmol�1 (Table 2). In addition, II2 connected with P
via TS3, with a barrier height of about DE=10 kcalmol�1 in
dichloromethane (DE=20 kcalmol�1 in the gas phase).


The possibility of a concerted ring-opening reaction of
lactide with methanol was then investigated. Nucleophiles
normally react with carboxylic acid derivatives through an
addition/elimination sequence, but recent studies on the hy-


drolysis, alcoholysis, and aminolysis of carboxylic esters[23–25]


revealed that the concerted pathway may be much more ac-
cessible than anticipated and compete with the stepwise
mechanism. The transition state TS4 was indeed found to di-
rectly connect R with P. The corresponding barrier height is
comparable to the barrier predicted for the stepwise path-
way, thus suggesting that the ring-opening process may
occur indifferently in a stepwise or concerted manner.


Ring-opening of l-lacOCA with methanol : As already
noted,[15] reaction (2), which models the ROP of l-lacOCA,
is significantly more favorable thermodynamically than reac-
tion (1) (Table 1). The decomposition that occurs in reac-
tion (2) over two stages allowed us to estimate the driving
force of the reaction better; namely, the ring-opening step
[reaction (2a)] provides the major part of the enthalpic
term, whereas the decarboxylation step [reaction (2b)] defi-
nitely plays a key role entropically.


The structures of the ensuing acylpyridinium compounds
were optimized to gain greater insight into the nucleophilic
activation of lacOCA with DMAP. Two local minima I’1 and
I’2 could be located before and after decarboxylation, re-
spectively (Figure 3). The N�C=O skeleton in I’1 (N�C
1.48, C=O: 1.20 N; CorthoNCO torsion angle 23.48) has a very
similar geometry relative to I, and the two terminal oxygen
atoms of the carbonate moiety are engaged in hydrogen
bonding with methanol (O···H�O 1.77 N) and one ortho-hy-
drogen atom of the pyridinium ring (O···H�C: 2.05 N). The
geometric data of I’2 only differ from I’1 in the almost co-
planar arrangement of the pyridinium ring and C=O skele-
ton (CorthoNCO torsion angle 1.48). This feature most proba-
bly results from the hydrogen bonding of the alkoxide termi-
nus of I’2 with both the methanol (O···H�O 1.58 N) and one
ortho-hydrogen atom of the pyridinium ring (O···H�C
1.81 N). In addition to these acylpyridinium structures, the
DMAP/a-lactone[26] adduct I’3, which formally results from
the ring closure of I’2, was located as a minimum on the
PES.


In marked contrast with that observed for lactide, acylpyr-
idinium species I’1 is only a few kcalmol�1 higher in energy
than the separated reactants (Table 3). The charge separa-
tion induced by the nucleophilic ring-opening process is sig-
nificantly less disfavorable with lacOCA as a result of the
enhanced reactivity of the carboxylic anhydride moiety and
the delocalized character of the liberated carbonate group.
The entropic effect associated with the loss of carbon diox-
ide had to be taken into account to reliably compare the
pyridinium structures before and after decarboxylation;
therefore, the free enthalpies were calculated at 25 8C. Ac-
cordingly, all I’1, I’2, and I’3 were predicted to be very close
in energy.


All attempts to localize the transition states that lead to
acylpyridinium compounds I’1 and I’2 from lacOCA failed,
but transition states that correspond to the subsequent reac-
tion of methanol with I’1 and I’2 were found (TS’0a and
TS’0b, respectively). In both cases, the nucleophilic attack of
methanol on the activated carbonyl group is assisted intra-


Figure 1. Optimized structures for the acylpyridinium I and tetrahedral
II1 and II2 intermediates that derive from lactide.
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molecularly by the carbonate or alkoxide terminus. At all
levels of the calculations, TS’0b was slightly favored energet-
ically over TS’0a.


As far as the competitive
base-catalyzed mechanism is
concerned, local minima were
found for the ion-pair and neu-
tral tetrahedral intermediates
II’1 and II’2 (Figure 4). The op-
timized geometries of these in-
termediates very much resem-
ble the geometries of II1 and
II2 derived from lactide: 1) the
proton of methanol is trans-
ferred to the basic nitrogen
atom of DMAP (N�H 1.07,
O···H 1.60 N) in the ion-pair
structure II’1; 2) II’1 is stabi-
lized by a nonclassical hydro-
gen bond[20] involving one
ortho-hydrogen atom of
DMAP (O···H�C 2.07 N); and
3) the neutral form II’2 results
from proton transfer to an exo-
cyclic oxygen atom of lacOCA.
Both tetrahedral intermediates
II’1 and II’2 were readily ener-
getically accessible (Table 4),
and their formation from
lacOCA was predicted to be
more favorable by about DE=


10 kcalmol�1 relative to the
formation of II1 and II2 from
lactide. This difference most
likely results from the nature
of the functional group (O-car-
boxylic anhydride/ester) rather
than the ring size of the mono-
mer. Indeed, the tetrahedral
intermediate is also computed


to be about DE=10 kcalmol�1 higher in energy than the
separated reactants for the related five-membered lactone,
namely, a-methyl-g-butyrolactone (see the Supporting Infor-
mation). The ring-opened intermediate III’,[27] which derives
from II’1/II’2 and precedes the final decarboxylation step,
was optimized. A strong hydrogen bond appears between
the liberated hemi-carbonic acid terminus and DMAP
(N···H 1.66 N), and the formation of III’ from II’1/II’2 was
predicted to be energetically favorable by about DE=


15 kcalmol�1.
The whole reaction profile of the basic pathway was de-


termined. Transition state TS’1 connects the ternary com-
plex of reactants R’ with the ion-pair tetrahedral intermedi-
ate II’1, with barrier heights of about DE=15 and 7 kcal
mol�1 in the gas phase and dichloromethane, respectively,
which are about half of the barrier heights predicted for lac-
tide (Figure 5). The ring-opening of II’1 into III’ proceeds in
a concerted or stepwise fashion, with both routes requiring
only small activation barriers. In addition, two closely relat-
ed transition states, TS’4a and TS’4b, were found for the


Figure 2. Energy profile of the base-catalyzed mechanism of the DMAP-catalyzed ring-opening of l-lactide
with methanol, as calculated at the B3LYP/6–31G(d) level of theory (PCM/SCRF single-point calculations, in-
cluding zero-point vibrational energy (ZPVE) correction).


Table 2. Energetic data (relative to the separated reactants) for the
model ring-opening reaction (1) of lactide.


Eint
[a]


[kcalmol�1]
Eint


[b]


[kcalmol�1]


ternary complex of
reactants R


�15.1 �2.5


I +22.1 +23.7
TS1 (R!II1) +8.0 +13.4
II1 +6.9 +10.2
TS2 (II1!II2) +9.2 +10.9
II2 �15.7 �0.7
TS3 (II2!P) +5.1 +8.9
TS4 (R!P) +13.9 +12.3
binary complex of
products P


�26.4 �13.2


[a] At the B3LYP/6–31G(d) level of theory. [b] PCM/SCRF single-point
calculations at the B3LYP/6–31G(d) level of theory, including ZPVE cor-
rection.
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concerted ring-opening of R’ into III’ (Figure 6). In both
transition states, DMAP activates methanol through its


basic nitrogen atom and concomitantly interacts with the
oxygen atoms developing negative charges (endocyclic in
TS’4a and exocyclic in TS’4b) through one ortho-hydrogen
atom. The corresponding barrier heights are very similar to
those predicted for the stepwise pathway, thus suggesting
that both routes may also intervene at this stage.


Finally, the ring-opened intermediate III’ connects with
the ternary complex of products P’ via transition state TS’5.
The proton transfer that accompanies this decarboxylation
is promoted by double hydrogen bonding to DMAP, and the


Figure 3. Optimized structures for the pyridinium intermediates I’1–3 de-
rived from lacOCA and transition states TS’0a and TS’0b associated with
the subsequent reaction of methanol.


Table 3. Energetic data (relative to the separated reactants) for the nu-
cleophilic mechanism of the model ring-opening reaction (2) of lacOCA.


Eint
[a]


[kcalmol�1]
Eint


[b]


[kcalmol�1]
G298


[c]


[kcalmol�1]


I’1 +2.8 +2.0 +27.1
I’2+CO2 +17.5 +12.3 +29.5
I’3+CO2 +17.3 +16.4 +29.8
TS’0a +21.7 +22.5 +47.5
TS’0b+CO2 +18.2 +13.2 +31.4


[a] At the B3LYP/6–31G(d) level of theory. [b] PCM/SCRF single-point
calculations at the B3LYP/6–31G(d) level of theory, including ZPVE cor-
rection. [c] Gibbs free energy computed at 25 8C.


Figure 4. Optimized structures for the tetrahedral II’1 and II’2 and ring-
opened III’ intermediates derived from lacOCA.


Table 4. Energetic data (relative to the separated reactants) for the base-
catalyzed mechanism of the model ring-opening reaction (2) of lacOCA.


Eint
[a]


[kcalmol�1]
Eint


[b]


[kcalmol�1]
G298


[c]


[kcalmol�1]


ternary complex of
reactant R’


�18.5 �5.7 +1.2


TS’1 (R’!II’1) �3.2 +0.7 +21.8
II’1 �3.7 �2.1 +22.9
TS’2a (II’1!III’) �1.5 �2.2 +25.1
TS’2b (II’1!II’2) �1.1 �0.6 +25.9
II’2 �21.4 �7.0 +4.2
III’ �31.0 �19.4 �7.2
TS’3 (II’2!III’) �14.4 �10.8 +12.2
TS’4a (R’!III’) �1.7 +1.2 +22.7
TS’4b (R’!III’) �2.4 +1.0 +22.5
TS’5 (III’!P’) �19.0 �12.2 +1.9
ternary complex of
products P’


�32.8 �19.9 �13.0


[a] At the B3LYP/6–31G(d) level of theory. [b] PCM/SCRF single-point
calculations at the B3LYP/6–31G(d) level of theory, including ZPVE cor-
rection. [c] Gibbs free energy computed at 25 8C.
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corresponding energy barrier amounts to DE=12 kcalmol�1


in the gas phase (DE=7 kcalmol�1 in dichloromethane).
From these results, it is most likely that the DMAP-cata-


lyzed ROP of lacOCA occurs by the activation of the initiat-
ing/propagating alcohol through hydrogen bonding, rather
than nucleophilic activation of the monomer. Indeed, the
highest transition state throughout the base-catalyzed mech-
anism lies significantly lower in energy than the most favor-
able transition state for the addition of methanol along the
nucleophilic pathway (TS’0b). Accordingly, the difference in
the activation barriers of the two pathways exceeds DE=


15 kcalmol�1 in electronic energies and DG=9 kcalmol�1 in
Gibbs free energies. The ring-opening of lacOCA is predict-
ed to proceed indifferently through a stepwise or concerted
pathway. In addition, the possibility of DMAP acting both
as a hydrogen-bond acceptor (through its basic nitrogen
center) and a weak hydrogen-bond donor (through one
ortho-hydrogen atom) is pointed out. This situation is remi-


niscent of that reported recent-
ly for the 1,5,7-triazabicyclo-
ACHTUNGTRENNUNG[4.4.0]dec-5-ene (TBD)-cata-
lyzed ROP of d-valerolac-
tone,[13] in which guanidine si-
multaneously activated the
alcohol and monomer through
hydrogen-bonding interactions
to the basic nitrogen atom and
acidic NH moiety. To the best
of our knowledge, such a bi-
functional role has not yet
been proposed for DMAP.


Ring-opening of l-lacOCA
with l-ethyl lactate : The pivo-
tal role played by the alcohol
in the base-catalyzed pathway
prompted us to investigate the
ring-opening of lacOCA with
ethyl lactate as a more realistic
model for the propagating al-
cohol. Reaction (3) was about
DE=5 kcalmol�1 less favora-
ble than reaction (2) (Table 1),
but a very similar reaction pro-
file was found along the basic
pathway. Indeed, the replace-
ment of methanol by the more
sterically hindered and less-nu-
cleophilic ethyl lactate did not
noticeably modify the struc-
tures and energies of the vari-
ous intermediates and transi-
tion states (Table 5; see the
Supporting Information).
These results further confirm
the base activation of the alco-
hol as the preferred pathway in


the DMAP-catalyzed ROP of lacOCA.


Comparison of carboxylic anhydrides and O-carboxylic an-
hydrides in the DMAP-catalyzed reactions of alcohols : The
mechanism of base catalysis predicted herein for the
DMAP-promoted reactions of alcohols with lacOCA mark-
edly contrasts with the nucleophilic pathway substantiated
by Zipse and co-workers for the esterification of alcohols
with acetic anhydride.[14] To shed light on this discrepancy,
we examined the influence of the primary/tertiary class of
the alcohol engaged. Indeed, this aspect may explain at least
in part the different behavior predicted for the lacOCA/
MeOH and Ac2O/tBuOH systems. Key points along the nu-
cleophile- and base-catalyzed reactions of acetic anhydride
were, thus, reoptimized with both tert-butyl alcohol and
methanol (see the Supporting Information). With acetic an-
hydride, the acylpyridinium intermediate was predicted to
be more stable than the separated reactants by DE=4 kcal


Figure 5. Energy profile of the base-catalyzed mechanism of the DMAP-catalyzed ring-opening of lacOCA
with methanol (stepwise route to III’), as calculated at the B3LYP/6–31G(d) level of theory (PCM/SCRF
single-point calculations, including ZPVE correction).[28]
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mol�1. The transition states for
its formation, pyr-TStBuOH and
pyr-TSMeOH, were readily ac-
cessible in energy (only DE=


3 kcalmol�1 higher than the
pyridinium compound), and, as
expected, the influence of the
alcohol was negligible. The
transition states nuc-TStBuOH


and nuc-TSMeOH associated
with the subsequent reaction
of the alcohol were also locat-
ed. In agreement with Zipse
and co-workers,[14] the rate-de-
termining step is the acyl
transfer with tert-butyl alcohol
(nuc-TStBuOH is located DE=


3.7 kcalmol�1 above pyr-
TStBuOH). With methanol, the
activation barriers for the two
steps are very similar, the tran-
sition state for the acyl transfer
nuc-TSMeOH is located DE=


1 kcalmol�1 below pyr-TSMeOH.
We studied the transition


states bas-TStBuOH and bas-
TSMeOH that correspond to the
reaction of acetic anhydride
with tert-butyl alcohol and
methanol promoted by hydro-
gen bonding with DMAP to
compare the nucleophilic and
basic pathways. Accordingly,
bas-TStBuOH was DE=


8.6 kcalmol�1 above nuc-
TStBuOH, thus suggesting that
the base-catalyzed mechanism
can hardly compete with the
nucleophilic route for tertiary
alcohols, in accord with Zipse


and co-workers.[14] The nucleophilic mechanism was also
more favorable than the basic route with methanol, but the
difference between the energy barriers decreases to only
DE=2.1 kcalmol�1 (between pyr-TSMeOH and bas-TSMeOH),
thus suggesting that the two pathways may become competi-
tive for primary alcohols.


The influence of the cyclic/acyclic nature of the substrate
was briefly investigated by using methylsuccinic anhydride
as a model cyclic carboxylic anhydride (see the Supporting
Information). In marked contrast with acetic anhydride, the
corresponding acylpyridinium intermediate was about DE=


5 kcalmol�1 above the separated reactants. This finding sug-
gests that the nucleophilic pathway is somewhat disfavored
for cyclic substrates and that the basic route may become
more favorable, at least with primary alcohols. The transi-
tion state for the base-catalyzed reaction of methanol, pre-
dicted to be DE=3 kcalmol�1 below the pyridinium inter-


Figure 6. Energy profile of the base-catalyzed mechanism of the DMAP-catalyzed ring-opening of lacOCA
with methanol (concerted route to III’) and subsequent decarboxylation, as calculated at the B3LYP/6–31G(d)
level of theory (Eint ; PCM/SCRF single-point calculations, including ZPVE correction).


Table 5. Energetic data (relative to the separated reactants) for the base-
catalyzed mechanism of the model ring-opening reaction (3) of lacOCA.


Eint
[a]


[kcalmol�1]
Eint


[b]


[kcalmol�1]


ternary complex of
reactant R’’


�16.6 �3.8


TS’’1 (R’’!II’’1) �0.6 +4.7
II’’1 �1.0 +2.3
TS’’2a (II’’1!III’’) +3.0 +2.6
TS’’2b (II’’1!II’’2) +1.3 +3.3
II’’2 �12.8 +1.0
III’’ �24.3 �12.9
TS’’3 (II’’2!III’’) �9.0 �3.2
TS’’4a (R’’!III’’) �2.3 +3.7
TS’’4b (R’’!III’’) +0.3 +8.3
TS’’5 (III’’!P’’) �14.1 �15.8
ternary complex of
products P’’


�27.9 �16.1


[a] At the B3LYP/6–31G(d) level of theory. [b] PCM/SCRF single-point
calculations at the B3LYP/6–31G(d) level of theory, including ZPVE cor-
rection.
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mediate, confirmed this hypothesis. From this comparison of
carboxylic anhydrides and O-carboxylic anhydrides, it is
clear that the competition between the nucleophilic and
basic pathways is governed by subtle effects, such as the ter-
tiary/primary class of the alcohol and the cyclic/acyclic
nature of the substrate.


Conclusion


This computational investigation supports the base-catalyzed
mechanism for the DMAP-promoted ROP of lactide and
lacOCA. The DMAP-catalyzed acylation of alcohols with
acetic anhydride had been shown to proceed preferentially
through a nucleophilically activated mechanism that in-
volves acylpyridinium intermediates. In marked contrast, the
ring-opening reactions of lactide and lacOCA with alcohols
are predicted herein to occur through the activation of the
alcohol and with both the traditional stepwise mechanisms,
which involve tetrahedral intermediates and the concerted
pathway, being conceivable. The critical role of the tertiary/
primary class of the alcohol and the cyclic/acyclic nature of
the substrate in the competition between the nucleophilic
and basic mechanisms is highlighted.


In addition, the optimized intermediates and transition
states in the base-catalyzed ring-opening of lactide and
lacOCA substantiate the central role of multiple hydrogen
bonding and evidence the possibility of DMAP acting as a
bifunctional catalyst through its basic nitrogen center and an
acidic ortho-hydrogen atom. These results further emphasize
the potential of bifunctional systems in efficiently promoting
ring-opening polymerization and should stimulate the inves-
tigation of new organic systems susceptible to cooperative
activation of the monomer and propagating moiety.


Experimental Section


Computational studies : The theoretical treatment of the systems included
herein was performed by using the density-functional approach[29] with
the B3LYP hybrid functional. Calculations were carried out with the
Gaussian 03 series of programs.[30] All stationary points were optimized
at the B3LYP/6–31G(d) level of theory. Only the most stable conforma-
tional isomer was considered in the discussion for all intermediates and
transition states. The nature of all the stationary points was verified by
calculations of the vibrational frequency spectrum, and intrinsic reaction
coordinate (IRC) computations[31] were carried out to ascertain the con-
nectivity of the transition states. The solvent effect of dichloromethane
(e=8.93) was taken into account through PCM/SCRF single-point calcu-
lations for the B3LYP/6–31G(d) gas-phase structures.[32] The reliability of
the B3LYP method was assessed by using single-point calculations at the
MP2/6–31G(d) level of theory for the reaction of lacOCA with methanol.
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Introduction


Anthracene-1,9-dicarboxyimides 6 are of special interest as
basic structural elements of antitumour agents, such as az ACHTUNGTRENNUNGon-
ACHTUNGTRENNUNGafides.[1] The chemical behaviour of these substances has not
yet attracted interest in spite of their importance in medical
applications and neither has their strong fluorescence or
photostability. Furthermore, dicarboxyimides 6 are suitable
starting materials for the synthesis of Aceanthrene Green
dyes (7 and 8),[2] which are used as an emerald-green textile
dye (C.I. 71125) and a green pigment.[3] These dyes are of
special interest because of their absorption at longer wave-
lengths. On the other hand, the poor solubility of anthracene
and its dimeric derivatives is an important obstacle to their
investigation and application in homogeneous solution.
Thus, soluble derivatives would be a significant develop-
ment.


Results and Discussion


Anthracene (1) is a suitable starting material for the synthe-
sis of 6. The complete synthesis is reported because of some
improvements and corrections. We treated anthracene (1)


with oxalyl chloride and aluminium chloride in a ratio of
1.0:5.2:2.0 following the procedure of Liebermann and
Zsuffa[4] to prepare aceanthrenequinone** (2 ; Scheme 1).
This method proved to give better results than other litera-
ture procedures.[5] The reported sublimation of 2 cannot be
recommended for purification.[4,5a] However, 2 remains as a
very pure, bright-orange, shiny and only sparingly soluble
solid with an intense solid-state fluorescence if anthroic
acid, formed as a byproduct of the synthesis, is completely
removed by means of an alkali. Compound 2 is of interest
as a fluorescent pigment (for its UV/Vis spectrum, see
Figure 1).
Quinone 2 was condensed with hydroxylamine following a


reported procedure to give the regioisomeric oximes 4 and 5
as a 45:55 mixture.[4] The recrystallisation procedure report-
ed for this mixture cannot be recommended for purifica-
tion.[4,5f] The regioisomers were used in the subsequent reac-
tion without separation because interconversion was expect-
ed with the tautomeric nitroso compounds as intermediates
(c.f. ref. [6]). The mixture of 4 and 5 exhibits a strong fluo-
rescence both in solution and in the solid state (see the com-
plicated solid-state fluorescence spectrum in Figure 2). The
oximes can be used as fluorescent pigments because of their
rather low solubility in the majority of solvents. Beckmann
rearrangement of the mixture with concentrated sulfuric
acid led to 6a in a yield of 73% and so separation of the iso-
meric oximes proved unnecessary.
Compound 2 can be oxidised to anhydride 3 as an alterna-


tive route for the preparation of the anthracenedicarboxy-
ACHTUNGTRENNUNGimides. Anhydride 3 is highly fluorescent both in solution
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antitumor agents · dyes/pigments ·
fluorescence spectroscopy · photo-
chemistry
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(81% fluorescence quantum yield in chloroform) and in the
solid state. The orange fluorescence of the solid has not
been reported before and makes the substance of special in-
terest as a fluorescence pigment because of its low solubility
and rather high photostability (Figure 3). Dicarboxyimide


6a was prepared by using a modified literature proce-
ACHTUNGTRENNUNGdure;[2b, c] anhydride 3 was evaporated several times with
concentrated ammonia, however, traces of the starting mate-
rial were difficult to remove. Thus, the synthesis of 6a by
the Beckmann rearrangement of 4 and 5 is preferred.


Scheme 1. Synthesis of anthracene and Aceanthrene Green derivatives. Reagents and conditions: i) (COCl)2, AlCl3; ii) H2O2; iii) NH2OH; iv) H2SO4;
v) RNH2; vi) and vii) KOH; viii) (CH3)2C ACHTUNGTRENNUNG(CH2NH2)2; ix) 1,2-C6H4 ACHTUNGTRENNUNG(NH2)2; x), xi) and xii) hn ; xiii) 1. KOH; 2. CH3I.
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However, anhydride 3 can be used as a starting material
for the general preparation of 6 by condensation with pri-
mary amines. Ethyl derivative 6b was prepared from 3 and
an aqueous ethylamine solution by a modified procedure;[2d]


the butyl, pentyl and hexyl derivatives (6c, 6d and 6e, re-
spectively) were also obtained from 3 and the pure amines.
The other derivatives of 6 were synthesised from 3 and the
corresponding amines in the presence of imidazole.[7] The di-
carboxyimides are more sensitive towards mineral acids


than other six-membered-ring carboxyimides, such as peryle-
nedicarboxyimides.[8] Thus, an acidic workup should be
avoided. The introduction of solubilising swallow-tail sub-
stituents,[9] such as in 6g or the 2,5-di-tert-butylphenyl sub-
stituent in 6 j,[10] resulted in readily soluble materials, howev-
er, even simple long-chain alkyl substituents, such as in 6d,
increase the solubility sufficiently for the majority of appli-
cations. X-ray crystal structure analysis was conducted for
6d (Figure 4). The high tendency for crystallisation of 6d


was necessary because of photodecomposition (see below).
The anthracene unit of 6d forms one plane and the carboxy-
ACHTUNGTRENNUNGimide another, twisted at an angle of 58 with respect to the
first. The aliphatic substituent is folded downward and
forms a third plane beneath the aromatic unit with a zigzag
chain.
The anthracenedicarboxyimides are sensitive to daylight


and form the hitherto unknown regioisomeric dimers 10 and
11.[11–14] Their structures were assigned by NMR spectrosco-
py; further isomers could not be detected. The conversion
of 6 into 10 and 11 in daylight reaches a photostationary
equilibrium because of the greater hypsochromic absorption
of the latter. A filter solution of naphthalene-1,8-dicarboxy-
late excludes the hypsochromic UV light (cutoff wavelength
324 nm), and thus allows a complete conversion of 6 into 10
and 11, as indicated by the disappearance of the fluores-
cence. Pure dimerisation products were obtained if the sol-
vent was evaporated during irradiation with this filtered
light. Dissociation of 10 and 11 to starting material 6 can
also proceed thermally, however, this back reaction did not
go to completion and typical yields of 90% were obtained.
The derivatives of 6 in homogeneous solution absorb at


shorter wavelengths and fluoresce with quantum yields close
to 100%. Many derivatives, such as 6b, exhibit strong fluo-
rescence in the solid state (Figure 5).
The photodimerisation of 6 is important because some of


its derivatives are used as tumour static materials.[1] Howev-
er, the dimerisation proceeds even with ambient room light.
Different tumour static activities are expected for 6, 10 and
11, respectively, so care has to be taken in relation to the
effect of common daylight.


Figure 1. UV/Vis absorption (left) and fluorescence spectra (middle) of 2
in chloroform. Dashed line: solid-state fluorescence spectrum.


Figure 2. UV/Vis absorption (left) and fluorescence spectra (middle) of
the mixture of 4 and 5 in chloroform. Dashed line: Solid-state fluores-
cence spectrum.


Figure 3. UV/Vis absorption (left) and fluorescence spectra (middle) of 3
in chloroform. Dashed line: Solid-state fluorescence spectrum.


Figure 4. X-ray crystal structure of 6d.
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One of the carbonyl groups in 6 can be replaced with the
related imino group when 3 is condensed with neopentane-
diamine. Only one of the two regioisomers was obtained
and its structure was established by X-ray crystal structure
analysis (Figure 6). The aromatic core of 12 is planar as one


might expect. The dicarboxamidine unit is twisted and the
bond lengths to the anthracene core are longer than the cor-
responding bonds in 6d. The p system of 6 can be further
extended by the condensation of 3 with 1,2-phenylenedi-
ACHTUNGTRENNUNGamine to obtain 13, in which the orientation of the amidine
unit is opposite to that in 12, as established by NMR spec-
troscopy. The amidine from 3 and 1,2-phenylenediamine has
already been reported as a maroon powder with a melting
point of 234 8C.[15] A second bright-orange modification of
13 was also found with a melting point of 228 8C and a pro-
nounced solid-state fluorescence. Both modifications can be


interconverted by crystallisation. The maroon modification
exhibits a very bathochromic solid-state fluorescence.
The UV/Vis absorption of 6 is successively bathochromi-


cally shifted by the replacement of one carbonyl group for
an imino group, to form 12, and by the further extension of
the p system in 13 (Figures 7 and 8, respectively). Com-
pound 13 exhibits a fluorescence quantum yield of 48% in
solution. Both 12 and 13 form photodimerisation products
14/15 and 16/17, respectively.


Compounds 6 are starting materials for the synthesis of
Aceanthrene Green (7) by KOH melt; dicarboxyimide 6a
can be converted into 7a.[2a,b,9] Alternatively, the mixture of
oximes 4 and 5 can be directly converted into 7a, although
the conditions used for this reaction are strongly alkaline,
whereas acidic conditions are commonly used in the Beck-
mann rearrangement.[16] The simple interconversion of such
oximes[6] via intermediate nitroso compounds may therefore
be of importance. Compound 8a is formed as a byproduct
of the reaction with the alkali melt in a ratio of 1:8 with re-
spect to 7a. This ratio is higher than that reported in a pre-
vious investigation in which 6a was the starting material.[15]


Figure 5. UV/Vis absorption (left) and fluorescence spectra (middle) of
6b in chloroform. Dashed line: Solid-state fluorescence spectrum.


Figure 6. X-ray crystal structure of 12.


Figure 7. UV/Vis absorption (solid line, left) and fluorescence (solid line,
right) spectra of 12 in chloroform. Dashed line: Solid-state fluorescence
spectrum. The absorption spectrum of 6b (dotted line) is shown for com-
parison.


Figure 8. UV/Vis absorption (solid line, left) and fluorescence (solid line,
right) spectra of 13 in chloroform. Dashed lines: Solid-state fluorescence
spectra of both modifications. The absorption spectrum of 6b (dotted
line) is shown for comparison.
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Only 7 was detected in the reaction of N-alkylated or N-ary-
lated derivatives of 6 with the alkali melt (monitored by
TLC and NMR spectroscopy), in accordance with the earlier
investigation.[15] .
The alkali-induced coupling of 6 results first in the forma-


tion of a red vat of the green vat dye 7 and is thus complete-
ly different from the formation of other carboxyimides, such
as perylenetetracarboxydiimides. The vat can be conserved
if the alkali melt is allowed to cool and solidify. A dihy-
droaromatic and electrically neutral structure was previously
suggested for this vat,[15] however, such a structure is not in
accordance with the properties of the material. Electropho-
resis indicated a quickly migrating anion for the red materi-
al, which is readily soluble in water and only sparingly solu-
ble in lipophilic solvents. However, more lipophilic than hy-
drophilic properties would be expected for the suggested
structure. Moreover, the suggested structure contains sp3


centres that would be in electronic isolation and thus a hyp-
sochromic UV/Vis absorption, such as that observed for
simple anthracene derivatives would be expected, whereas
the red vat exhibits a bathochromic absorption (Figure 9).


The investigation of the structure of the vat is rather compli-
cated because slow oxidation of the vat of 6a in aqueous so-
lution leads to insoluble 7a and 8a and this prevents a pre-
cise NMR spectroscopic investigation; acidification or
warming results in the formation of starting material 6. N-
Alkylation of 6 renders the vat more lipophilic so that 6g
becomes soluble in organic solvents. However, contact of
this vat with chloroform results in the spontaneous forma-
tion of the starting material. Oxidation of the vat is delayed
by the addition of pyridine as a trap for nucleophilic free
radicals, whereas formate as a trap for electrophilic free rad-
icals has no effect. Ascorbic acid prevents the formation of
7 and 8.
The vat of 6a can be oxidised by a stream of air,[2,15] how-


ever, several days are required for this to occur and lumps
of the insoluble dye are formed that occlude the starting
material, thus leading to a reduction in the yield. Better re-
sults were obtained in a stirred two-phase system in which


chloroform was used as the lipophilic phase in contact with
aqueous 10% hydrogen peroxide. The concentration of
H2O2 should not exceed this value because at higher concen-
trations, such as 30%, the material will be destroyed with
foaming. This method cannot be applied to 6g because the
contact of the vat with chloroform causes spontaneous de-
composition to the starting material. Thus, this vat was oxi-
dised conventionally with air.
The main component Acenanthrene Green 7a and the


minor component 8a form emerald-green solutions with an
intense fluorescence in the visible and NIR regions
(Figure 10 for the similar spectra of 7d). The solid-state


fluorescence is bathochromically shifted with respect to that
in chloroform. The solubility of 7a is relatively low and can
be appreciably increased by the attachment of long-chain
alkyl groups to the nitrogen atoms (7b–7 f); the solubility of
7e and 7 f is high enough for the majority of applications.
The solubilising effect of the swallow-tail substituent in 7g is
so pronounced that the material was obtained as a green oil.
Perylenetetracarboxydiimides can be partially hydrolysed


with KOH in tert-butyl alcohol. Derivatives 7 proved to be
completely inert towards this reagent and also remained un-
affected by acids. However, KOH in tert-butyl alcohol indu-
ces a reversible colour change in 7 from green to violet.
This coloured material can be trapped with methyl iodide to
form the methylated derivative 9 ; addition of the dipolar
aprotic DMSO did not lead to an improvement in the yield.
Alkylation of the aromatic nucleus under these simple reac-
tion conditions was unexpected. The novel chromophore 9
forms bright-orange crystals with an intense solid-state fluo-
rescence and a fluorescence quantum yield in solution of
27% (Figure 11).


Conclusion


Compounds 6 have proven to be versatile basic starting ma-
terials for developing compounds for pharmaceutical appli-


Figure 9. UV/Vis absorption spectra of 6g (left) in chloroform, the vat
from the alkali melt of 6g (middle, dashed) in water and 7g in chloro-
form (right).


Figure 10. UV/Vis absorption (left) and fluorescence spectra (middle) of
7d in chloroform, together with the solid-state fluorescence spectrum
(right).
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cations and as switchable and NIR fluorescent dyes. The
dyes are formed from 6 by reaction under strongly alkaline
conditions, which causes C�C coupling to form soluble di-
meric fluorescent dyes with bathochromic absorption and
fluorescence in the NIR region. These dyes are of special in-
terest because of their absorption at longer wavelengths.


Experimental Section


General : IR spectra were recorded with a Perkin–Elmer 1420 Ratio Re-
cording Infrared Spectrometer, FT 1000; UV/Vis/NIR spectra were re-
corded with Bruins Omega 20. Fluorescence spectra were recorded with
a Perkin–Elmer FS 3000 spectrophotometer and are totally corrected.
NMR spectroscopy was performed by using a Varian Vnmrs 600 spec-
trometer (600 MHz). Mass spectra were recorded with a Finnigan MAT
95 spectrometer.


Aceanthrenequinone (2):[4] Anthracene (1, 10.00 g, 56.11 mmol), oxalyl
chloride (25 mL, 37 g, 0.30 mol: Caution : toxic!), carbon disulfide
(75 mL) and sublimed anhydrous aluminium chloride (7.93 g, 59.5 mmol)
were stirred under argon with ice-cooling for 2 h (black, viscous materi-
al), treated with further carbon disulfide (75 mL) and aluminium chloride
(7.32 g, 54.9 mmol), stirred for a further 4 h, allowed to stand for 16 h
and hydrolysed by the addition of aqueous 2n HCl (200 mL). Carbon di-
sulfide was removed by distillation (b.p. 42 8C, bath temperature=50–
70 8C; Caution! Highly inflammable) and the residue collected by
vacuum filtration (G4 glass filter, orange powder), twice extracted with a
2.5% aqueous solution of potassium carbonate (100 mL each at 70 8C
and 30 min, vacuum filtration, G4 glass filter), washed with distilled
water (100 mL) and a small amount of methanol and dried at 115 8C in
air to give an orange, electrostatically charging powder with a strong
solid-state fluorescence (9.74 g, 75%; lit. :[4] 9.00 g, 69%). M.p. 263–265 8C
(lit. :[4] 270 8C); Rf (silica gel; CHCl3)=0.58; 1H NMR ([D6]DMSO/
CDCl3, 10:1): d=7.78 (m, 1H; aromatic H), 7.90 (m, 2H; aromatic H),
8.07 (d, J=6.7 Hz, 1H; aromatic H), 8.38 (d, J=8.5 Hz, 1H; aromatic
H), 8.52 (d, J=8.4 Hz, 1H; aromatic H), 9.01 (d, J=8.5 Hz, 1H; aromat-
ic H), 9.17 ppm (s, 1H; aromatic H); 13C NMR ([D6]DMSO/CDCl3,
10:1): d=121.2, 122.9, 123.5, 126.5, 127.1, 127.4, 127.9, 128.0, 129.8, 130.3,
132.2, 132.4, 134.0, 145.7, 187.4 (C=O), 188.3 ppm (C=O); IR (KBr): ñ=


3051 (w), 1735 (s, C=O), 1707 (s, C=O), 1626 (w, C=C), 1576 (s, C=C),
1529 (w, C=C), 1454 (w), 1436 (w), 1339 (w), 1282 (w), 1226 (w), 1152
(w), 1086 (m), 1016 (w), 919 (w), 883 (w), 752 (m), 741 (m), 700 (w), 483
(w), 411 cm�1 (w); UV/Vis (CHCl3): lmax (loge)=348 (sh) (3.558), 365
(3.804), 382 (sh) (3.678), 404 (3.695), 462 (sh) (3.122), 502 nm (sh)
(2.648); fluorescence (CHCl3): lmax (Irel)=481 (1), 512 (0.81), 557 nm (sh)
(0.28); solid-state fluorescence: lmax=485, 575 (sh), 606 nm; MS (70 eV):
m/z (%): 233 (9), 232 (55) [M]+ , 205 (16), 204 (100) [M�CO]+ , 178 (3),


177 (11), 176 (73) [M�2CO]+ , 175 (12), 174 (10), 150 (11)
[M�2CO�C2H2]


+ , 149 (3), 116 (4), 98 (2), 88 (24), 87 (6), 75 (8); ele-
mental analysis calcd (%) for C16H8O2: C 82.75, H 3.47; found: C 80.60,
H 3.50.


Aceanthrenequinone oxime, mixture of isomers 4 and 5 :[2] Anhydrous
sodium carbonate (2.20 g, 20.8 mmol) was added to a suspension of
aceanthrenequinone (2, 4.82 g, 20.8 mmol) and hydroxylamine hydrochlo-
ride (1.44 g, 20.7 mmol) in ethanol (50 mL, 96%). The mixture was
heated at reflux with stirring for 30 min (colour change from orange to
ochre-yellow), collected by vacuum filtration (G4 glass filter), washed
with distilled water and dried over calcium chloride to give an ochre elec-
trostatically charging powder. (4.66 g, 91%; lit. :[2] 100%). M.p. 251 8C
decomp (lit. :[2] 251 8C); Rf (silica gel; CHCl3)=0.03; 1H NMR (CDCl3,
600 MHz): isomer 4 (C=O in p-position of proton 10-H): d=7.68 (m,
2H; aromatic H), 7.84 (m, 1H; aromatic H), 7.93 (d, J=6.6 Hz, 1H; aro-
matic H), 8.10 (d, J=8.7 Hz, 1H; aromatic H), 8.20 (d, J=8.5 Hz, 1H;
aromatic H), 8.83 (s, 1H; aromatic H), 9.06 ppm (d, J=8.5 Hz, 1H; aro-
matic H); isomer 5 (C=NOH in p-position of proton 10-H): 1H NMR
(CDCl3): d=7.68 (m, 2H; aromatic H), 7.78 (m, 1H; aromatic H), 8.10
(d, J=8.7 Hz, 1H; aromatic H), 8.16 (d, J=8.5 Hz, 1H; aromatic H),
8.35 (d, J=6.6 Hz, 1H; aromatic H), 8.73 (s, 1H; aromatic H), 9.19 ppm
(d, J=8.7 Hz, 1H; aromatic H); IR (KBr): ñ=3248 (m, OH), 3050 (w),
2850 (w), 1705 (s, C=O), 1635 (m, C=N), 1619 (m, C=C), 1576 (m, C=C),
1530 (w, C=C), 1456 (s, OH), 1394 (w), 1225 (w), 1178 (w), 1158 (w),
1079 (w), 1021 (m), 999 (m), 877 (s), 793 (m), 738 (m), 630 (w), 561 (w),
491 cm�1 (w); UV/Vis (CHCl3): lmax (loge)=342 (sh) (3.457), 361 (3.548),
393 (3.461), 407 (sh) (3.429), 432 (3.428), 463 nm (sh) (2.979); fluores-
cence (CHCl3): lmax=481 nm; solid-state fluorescence: lmax=485, 524,
543, 614 nm; MS (70 eV): m/z (%): 248 (12), 247 (63) [M]+ , 233 (2), 232
(16), 231 (69), 230 (99) [M�OH]+, 205 (3), 204 (26), 203 (100)
[M�OH�HCN]+ , 202 (59) [M�OH�CO]+ , 201 (30), 200 (2), 190 (3),
187 (4), 178 (3), 177 (8), 176 (27), 175 (22) [203�CO]+ , 174 (12), 151 (4),
150 (7), 149 (5), 115 (7), 101 (16), 88 (21), 87 (15), 75 (7), 74 (4).


Anthracene-1,9-dicarboxylic anhydride (3):[5a] An aqueous hydrogen per-
oxide solution (46.3 mL, 30%) was slowly added with stirring to acean-
threnequinone (2, 9.25 g, 39.8 mmol) in 1,4-dioxane (200 mL) and 2n


aqueous NaOH (55.5 mL) at reflux. The free anthracene-1,9-dicarboxylic
acid was precipitated by the addition of distilled water (200 mL) and 2n


sulfuric acid (400 mL), and was allowed to stand for 16 h. The light-
yellow precipitate was transformed into the orange anhydride, which was
collected by vacuum filtration (G4 glass filter), dissolved in 2n aqueous
KOH, separated from insoluble material by filtration (G4 glass filter),
precipitated by the dropwise addition of concentrated hydrochloric acid,
collected by vacuum filtration (D4 glass filter), repeatedly washed with
distilled water and dried in air at 115 8C to give an orange electrostatical-
ly charging powder (10.15 g, 97%; lit. :[5a] 100% crude material). M.p.
285–290 8C (lit. :[5a] 290 8C); Rf (silica gel; CHCl3)=0.40; 1H NMR
(CDCl3): d=7.72 (m, 1H; aromatic H), 7.80 (m, 1H; aromatic H), 7.92
(m, 1H; aromatic H), 8.19 (d, J=8.4 Hz, 1H; aromatic H), 8.48 (d, J=


8.4 Hz, 1H; aromatic H), 8.78 (d, J=7.0 Hz, 1H; aromatic H), 8.97 (s,
1H; aromatic H), 9.75 ppm (d, J=9.1 Hz, 1H; aromatic H); 13C NMR
(CDCl3): d=125.8, 126.3, 127.2, 129.9, 132.3, 135.7, 136.4, 137.9 ppm; IR
(KBr): ñ=3050 (w), 1760 (s, C=O), 1720 (s, C=O), 1622 (w, C=C), 1561
(s, C=C), 1535 (m, C=C), 1432 (w), 1365 (w), 1285 (w), 1268 (w), 1249
(w), 1160 (w), 1139 (m, C�O), 1086 (m, C�O), 1054 (w), 1010 (m), 940
(w), 863 (w), 794 (m), 745 (m), 733 (m), 511 cm�1 (w); UV/Vis (CHCl3):
lmax (log e)=269 (4.704), 358 (3.657), 376 (4.037), 414 (3.848), 435 (3.913),
459 nm (3.784); fluorescence (CHCl3): lmax (Irel)=481 (1), 513 (0.80),
553 nm (sh) (0.28); fluorescence quantum yield (CHCl3, reference pery-
lene-3,4,9,10-tetracarboxylic tetramethyl ester[17] with F =1.0): 81%;
solid-state fluorescence: lmax=485, 525, 605 nm; MS (70 eV): m/z (%):
249 (17), 248 (100) [M]+ , 205 (8), 204 (52) [M�CO2]


+ , 177 (7), 176 (50)
[M�CO2�CO]+ , 175 (8), 174 (7), 150 (8), 124 (3), 88 (18), 87 (5), 75 (7).


Anthracene-1,9-dicarboxyimide (6a)[5b, c] from anthracene-1,9-dicarboxyl-
ic anhydride (3):[5b] Anthracene-1,9-dicarboxylic anhydride (3520 mg,
2.09 mmol) was heated with aqueous concentrated ammonia (50 mL) for
1 h and then evaporated three times with concentrated ammonia to com-
plete the reaction. The reaction mixture was suspended in distilled water,


Figure 11. UV/Vis absorption (left) and fluorescence spectra (middle) of
9d in chloroform. Dashed line: Solid-state fluorescence spectrum.
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collected by vacuum filtration (G4 glass filter), washed with distilled
water and dried in air at 130 8C to give an ochre electrostatically charging
powder (440 mg, 85%). M.p. 288–294 8C (lit. :[5b] 293–294 8C); Rf (silica
gel; CHCl3)=0.16; 1H NMR ([D6]DMSO/CDCl3, 10:1): d=7.71 (m, 1H;
aromatic H), 7.86 (m, 2H; aromatic H), 8.30 (d, J=9.0 Hz, 1H; aromatic
H), 8.62 (2d, J=7.0 Hz, 2H; aromatic H), 9.21 (s, 1H; aromatic H), 9.94
(d, J=9.3 Hz, 1H; aromatic H), 11.70 ppm (s, 1H; NH); 13C NMR
([D6]DMSO/CDCl3, 10:1): d=114.9, 122.6, 125.5, 125.9, 126.3, 129.0,
129.3, 129.9, 131.1, 131.9, 132.4, 132.6, 135.6, 136.9, 163.4 (C=O),
165.6 ppm (C=O); IR (KBr): ñ=3185 (m), 3067 (m), 2922 (w), 2850 (w),
1687 (s, C=O), 1678 (s, C=O), 1653 (w), 1622 (w, C=C), 1563 (s, C=C),
1532 (m, C=C), 1435 (m), 1397 (m), 1368 (m), 1313 (m), 1281 (m), 1251
(w), 1235 (m), 1153 (w), 909 (w), 858 (w), 799 (w), 746 (w), 733 (m), 677
(w), 625 (w), 505 (w), 416 cm�1 (w); UV/Vis (CHCl3): lmax (loge)=360
(3.570), 379 (3.928), 416 (3.785), 437 (3.900), 462 nm (3.752); fluorescence
(CHCl3): lmax (Irel)=494 (1), 518 nm (0.91); solid-state fluorescence:
lmax=485 (sh), 524, 597, 633 nm (sh); MS (70 eV): m/z (%): 248 (17), 247
(100) [M]+ , 246 (6), 219 (10) [M�CO]+ , 204 (4), 203 (13), 202 (3), 191
(3), 190 (8), 177 (3), 176 (10), 175 (3), 163 (3), 150 (3), 124 (3), 110 (4),
88 (7), 87 (3), 75 (3).


Anthracene-1,9-dicarboxyimide (6a) from aceanthrenequinone oxime (4
and 5):[2d] Finely powdered aceanthrenequinone oxime (4 and 5, 450 mg,
1.82 mmol) was heated with concentrated sulfuric acid (3 mL, 30 min) at
100 8C (colour change from brown to cherry-red), allowed to cool, diluted
with distilled water, collected by vacuum filtration (G4 glass filter),
washed with distilled water and dried in air at 130 8C to give an ochre
electrostatically charging powder (330 mg, 73%; lit. :[2d] nearly quantita-
tive). M.p. 285–292 8C (lit. :[2d] 293–294 8C); Rf (silica gel; CHCl3)=0.16;
for further spectroscopic data see above.


N-Ethylanthracene-1,9-dicarboxyimide (6b): Compound 3 (1.94 g,
7.82 mmol) in aqueous ethylamine solution (75 mL, 70%) was heated at
reflux for 1.5 h (bath 150 8C), treated with further ethylamine solution
(25 mL, 70%), heated at reflux for 3.5 h, and cautiously acidified with
concentrated HCl. The product was collected by vacuum filtration (G4
glass filter), thoroughly washed with small amounts of distilled water,
dried in air at 115 8C, purified by column chromatography (silica gel,
chloroform, exclusion of light because otherwise dimers would be
formed), rapidly evaporated, dried in an argon gas stream and then in a
medium vacuum and stored in the dark under argon. The product was
obtained as a bright golden-yellow powder with lemon-yellow solid-state
fluorescence (1.63 g, 76%). M.p. 184–186 8C; Rf (silica gel; CHCl3)=0.30;
1H NMR ([D6]DMSO/CDCl3, 10:1): d=1.31 (t, J=7.0 Hz, 3H; CH3),
4.23 (q, J=6.9 Hz, 2H; NCH2CH3), 7.72 (t, J=7.1 Hz, 1H; aromatic H),
7.88 (m, 2H; aromatic H), 8.31 (d, J=8.0 Hz, 1H; aromatic H), 8.61 (d,
J=8.5 Hz, 1H; aromatic H), 8.69 (d, J=7.0 Hz, 1H; aromatic H), 9.22 (s,
1H; aromatic H), 9.95 ppm (d, J=9.1 Hz, 1H; aromatic H); 13C NMR
([D6]DMSO/CDCl3, 10:1): d=13.1 (CH3), 34.9 (CH2), 118.5, 121.9, 125.6,
126.0, 126.2, 127.8, 128.6, 130.0, 131.2, 132.0, 132.7, 133.2, 135.5, 136.9,
162.7 (C=O), 164.3 ppm (C=O); IR (KBr): ñ=3050 (w), 2980 (w), 2935
(w), 1685 (s, C=O), 1653 (s, C=O), 1640 (s, C=O), 1621 (w, C=C), 1560 (s,
C=C), 1533 (m, C=C), 1456 (m), 1437 (m), 1400 (m), 1368 (m), 1351 (m),
1312 (s), 1247 (m), 1231 (m), 1146 (w), 1103 (m), 900 (w), 875 (w), 855
(w), 795 (m), 747 (m), 732 (s), 539 cm�1 (m); UV/Vis (CHCl3): lmax
(loge)=361 (3.514), 380 (3.914), 416 (3.790), 437 (3.913), 460 nm (3.771);
fluorescence (CHCl3) lmax (Irel)=486 (1), 516 (0.81), 556 nm (sh) (0.29);
fluorescence quantum yield (CHCl3, reference perylene-3,4,9,10-tetracar-
boxylic tetramethyl ester[17] with F =100%): 44%; solid-state fluores-
cence: lmax=537, 606 nm (sh); MS (70 eV): m/z (%): 276 (20), 275 (94)
[M]+ , 274 (9), 260 (17) [M�CH3]


+ , 259 (5), 248 (19), 247 (100)
[M�C2H4]


+ , 246 (7), 233 (8), 231 (9), 230 (4) [247�OH]+ , 219 (7), 205
(11), 204 (9) [M�C2H5NCO]


+ , 203 (22) [204�H]+ , 202 (9), 190 (9), 177
(19), 176 (27) [204�CO]+, 175 (9), 174 (6), 150 (7), 116 (7), 88 (29)
[176�C7H4]


+ , 75 (6); elemental analysis calcd (%) for C18H13NO2: C
78.53, H 4.76, N 5.09; found: C 78.62, H 4.86, N 4.83.


N-Butylanthracene-1,9-dicarboxyimide (6c): Compound 3 (3.96 g,
16.0 mmol) in n-butylamine (100 mL, 1.01 mol) and toluene (10 mL) was
heated at reflux under argon for 2.5 h. The mixture was evaporated at
normal pressure (dark-red residue) and the residue was suspended in


chloroform (250 mL), shaken with 2n HCl and distilled water, evaporat-
ed, purified by column chromatography (silica gel, chloroform, exclusion
of light because otherwise dimers would be formed), rapidly evaporated,
dried in an argon gas stream and then in a medium vacuum and stored
under argon in the dark. The product was obtained as a bright golden-
yellow powder with yellow solid-state fluorescence (3.53 g, 73%). M.p.
140–142 8C; Rf (silica gel, CHCl3)=0.39; 1H NMR (CDCl3): d=1.01 (m,
3H; CH3), 1.49 (m, 2H; CH2CH3), 1.76 (m, 2H; NCH2CH2), 4.24 (m,
2H; NCH2), 7.58 (m, 1H; aromatic H), 7.67 (m, 1H; aromatic H), 7.78
(m, 1H; aromatic H), 8.05 (d, J=8.5 Hz, 1H; aromatic H), 8.27 (d, J=


8.4 Hz, 1H; aromatic H), 8.69 (d, J=7.1 Hz, 1H; aromatic H), 8.73 (s,
1H; aromatic H), 9.95 ppm (d, J=9.2 Hz, 1H; aromatic H); 13C NMR
(CDCl3): d=14.3 (CH3), 20.9 (CH2), 30.7 (CH2), 40.9 (NCH2), 115.8,
123.0, 125.8, 126.8, 127.2, 128.5, 129.2, 130.1, 131.6, 132.8, 133.8, 134.0,
135.4, 136.6, 164.1 (C=O), 165.6 ppm (C=O); IR (KBr): ñ ==3067 (w),
3040 (w), 2951 (m), 2935 (m), 2872 (m), 1689 (s, C=O), 1642 (s, C=O),
1621 (m, C=C), 1563 (s, C=C), 1533 (m, C=C), 1433 (m), 1401 (m), 1370
(m), 1354 (m), 1313 (m), 1279 (m), 1220 (m), 1204 (m), 1150 (m), 1111
(s), 903 (m), 861 (m), 828 (m), 797 (m), 750 (s), 741 (s), 662 (w), 625 (w),
544 (w), 516 cm�1 (w); UV/Vis (CHCl3): lmax (loge)=361 (3.196), 380
(3.616), 416 (3.505), 436 (3.631), 459 nm (3.486); fluorescence (CHCl3):
lmax (Irel)=484 (1), 514 (0.79), 556 nm (sh) (0.23); fluorescence quantum
yield (CHCl3, reference perylene-3,4,9,10-tetracarboxylic tetramethyl
ester[17] with F=100%): 100%, solid-state fluorescence: lmax=535 nm;
MS (70 eV): m/z (%): 304 (19), 303 (87) [M]+ , 286 (16) [M�OH]+ , 274
(6), 262 (6), 261 (36), 260 (16) [M�C3H7]


+ , 259 (8), 248 (22), 247 (100)
[M�C4H8]


+ , 231 (6), 230 (7) [247�OH]+ , 219 (5), 204 (5)
[M�C4H9NCO]


+ , 203 (11) [204�H]+ , 202 (8), 190 (5), 177 (9), 176 (14)
[204�CO]+ , 150 (2), 88 (4) [176�C7H4]


+ ; elemental analysis calcd (%)
for C20H17NO2: C 79.19, H 5.65, N 4.62; found: C 79.45, H 5.67, N 4.53.


N-Pentylanthracene-1,9-dicarboxyimide (6d): Compound 3 (4.00 g,
16.1 mmol) and n-pentylamine (65 mL, 0.56 mol) were heated at reflux
under argon for 3 h, evaporated and further treated as described 6c. The
product was obtained as bright-orange, analytically pure crystals with a
strong solid-state fluorescence (2.60 g 51%). M.p. 133–135 8C; Rf (silica
gel; CHCl3)=0.57; 1H NMR (CDCl3): d =0.93 (m, 3H; CH3), 1.45 (m,
4H; (CH2)2CH3), 1.76 (m, 2H; CH2CH2N), 4.22 (m, 2H; CH2N), 7.62 (m,
1H; aromatic H), 7.71 (m, 1H; aromatic H), 7.80 (m, 1H; aromatic H),
8.08 (d, J=6.3 Hz, 1H; aromatic H), 8.33 (d, J=7.6 Hz, 1H; aromatic
H), 8.74 (d, J=5.8 Hz, 1H; aromatic H), 8.80 (s, 1H; aromatic H),
10.01 ppm (d, J=8.0 Hz, 1H; aromatic H); 13C NMR (CDCl3): d =14.1
(CH3), 22.4, 27.9, 29.3, 40.5 (CH2N), 116.0, 123.3, 125.9, 126.9, 127.3,
128.7, 129.3, 130.1, 131.7, 132.5, 132.9, 133.8, 135.4, 136.6, 164.2 (C=O),
165.7 ppm (C=O); IR (KBr): ñ=3063 (w), 2950 (s), 2936 (m), 2872 (m),
2849 (m), 1685 (s, C=O), 1644 (s, C=O), 1619 (s, C=C), 1561 (s, C=C),
1533 (s, C=C), 1431 (s), 1400 (s), 1371 (s), 1348 (s), 1310 (s), 1279 (m),
1268 (m), 1221 (m), 1193 (m), 1150 (s), 1109 (s), 964 (w), 915 (m), 883
(m), 864 (m), 797 (s), 750 (s), 737 (s), 664 (m), 626 (m), 528 (m),
435 cm�1 (m); UV/Vis (CHCl3): lmax (loge)=361 (3.433), 380 (3.889), 416
(3.778), 436 (3.910), 460 nm (3.760); fluorescence (CHCl3): lmax (Irel)=


484 (1), 513 (0.77), 559 nm (sh) (0.21); solid-state fluorescence: lmax=


474, 505, 523, 610 nm; MS (70 eV): m/z (%): 318 (23), 317 (100) [M]+ ,
300 (11) [M�OH]+, 274 (5), 261 (33), 260 (15) [M�C4H9]


+ , 248 (24), 247
(90) [M�C5H10]


+ , 230 (6) [247�OH]+ , 219 (4), 204 (4) [M�C5H9NCO]
+ ,


203 (9), 202 (7), 190 (4), 177 (8), 176 (11) [204�CO]+ , 88 (3)
[176�C7H4]


+ ; elemental analysis calcd (%) for C21H19NO2: C 79.47, H
6.03, N 4.41; found: C 79.43, H 5.93, N 4.32.


Crystal data for 6d : The crystal structure was determined with an Enraf-
Nonius CAD4 diffractometer with MoKa radiation and a highly oriented
graphite crystal as monochromator. C21H19NO2, Mr=317.37, a=


11.525(5), b=15.794(6), c=9.563(4) P, b=113.16(2)8, volume=


1600.4(11) P3, Z=4, 1calcd=1.317 gcm�3, m =0.084 mm�1, monoclinic,
space group P21/c (Nr. 14). Data collection: single crystal 0.40Q0.47Q
0.53 mm3 (orange block); w data collection, scan width 0.80+0.35tanq ;
maximal collection time 90 s for each reflex, number of reflections: 2344
(collected), 2223 (independent), 1739 (observed) [I>2s(I)], no correc-
tion for absorption, structure solution with SHELXS86, refinement with
SHELXL93,[18] 218 parameters, R1=0.0499(2s(I)), wR2=0.1386(2s(I)),
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weighing w=1/[s2Fo
2+0.0693], GOF=1.080, max. and min. residual elec-


tron density 0.310/�0.182 eP�3.
CCDC 679419 contains the supplementary crystallographic data for 6d.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


N-Hexylanthracene-1,9-dicarboxyimide (6e): Compound 3 (4.10 g,
16.5 mmol) and n-hexylamine (120 mL, 0.908 mol) were allowed to react
as described for 6d for 1 h 45 min. The product was obtained as bright-
yellow crystals with an intense solid-state fluorescence (4.42 g, 81%).
M.p. 109–110 8C; Rf (silica gel; CHCl3)=0.56; 1H NMR (CDCl3): d =0.89
(m, 3H; CH3), 1.40 (m, 6H; (CH2)3CH3), 1.78 (m, 2H; CH2CH2N), 4.25
(m, 2H; CH2N), 7.61 (m, 1H; aromatic H), 7.71 (m, 1H; aromatic H),
7.81 (m, 1H; aromatic H), 8.10 (d, J=7.8 Hz, 1H; aromatic H), 8.33 (d,
J=8.4 Hz, 1H; aromatic H), 8.74 (d, J=7.1 Hz, 1H; aromatic H), 8.81 (s,
1H; aromatic H), 10.01 ppm (d, J=9.2 Hz, 1H; aromatic H); 13C NMR
(CDCl3): d=14.1 (CH3), 22.6, 26.8, 28.1, 31.6, 40.7 (CH2N), 115.6, 122.7,
125.5, 126.4, 126.9, 128.4, 128.9, 129.7, 131.2, 132.5, 133.4, 133.6, 135.0,
136.2, 163.7 (C=O), 165.2 ppm (C=O); IR (KBr): ñ =3120 (w), 3060 (w),
2957 (s), 2925 (s), 2853 (s), 1685 (s, C=O), 1644 (s, C=O), 1620 (m, C=C),
1561 (s, C=C), 1532 (s, C=C), 1452 (m), 1431 (s), 1402 (m), 1370 (m),
1353 (s), 1312 (s), 1279 (m), 1253 (m), 1219 (m), 1190 (m), 1149 (m),
1111 (s), 914 (m), 862 (m), 798 (s), 752 (s), 737 (s), 660 (w), 621 (w), 559
(w), 528 cm�1 (w); UV/Vis (CHCl3): lmax (log e)=361 (3.269), 380 (3.591),
416 (3.484), 436 (3.596), 460 nm (3.464); fluorescence (CHCl3): lmax
(Irel)=481 (1), 512 nm (0.77); solid-state fluorescence: lmax=560 nm; MS
(70 eV): m/z (%): 332 (23), 331 (100) [M]+ , 314 (9) [M�OH]+ , 274 (4),
262 (6), 261 (31), 260 (15), 259 (6), 248 (24), 247 (81) [M�C6H12]


+ , 230
(6) [247�OH]+ , 219 (4), 204 (4) [M�C6H13NCO]


+ , 203 (8), 202 (6), 190
(4), 177 (6), 176 (9) [204�CO]+ ; elemental analysis calcd (%) for
C22H21NO2: C 79.73, H 6.39, N 4.23; found: C 79.30, H 6.28, N 4.33.


N-Nonylanthracene-1,9-dicarboxyimide (6 f): Compound 3 (2.03 g,
8.18 mmol), n-nonylamine (2.07 g, 14.4 mmol) and zinc acetate dihydrate
(350 mg) in imidazole (9 g) were heated under argon at 150 8C for 4 h.
The resulting mixture was treated dropwise with concentrated HCl whilst
still warm and then added to chloroform, separated from the red HCl
phase, extracted with a small amount of 2n HCl, dried, evaporated and
purified by fast pressure-induced column chromatography (silica gel,
chloroform, exclusion of light), rapidly evaporated, dried in a stream of
argon and then in a medium vacuum and stored in the dark. The product
was obtained as a bright-yellow powder with a strong solid-state fluores-
cence (2.00 g, 65%). M.p. 141–143 8C; Rf (silica gel; CHCl3)=0.67;
1H NMR (CDCl3): d=0.85 (m, 3H; CH3), 1.38 (m, 12H; (CH2)6CH3),
1.77 (m, 2H; NCH2CH2), 4.26 (m, 2H; NCH2), 7.63 (m, 1H; aromatic
H), 7.72 (m, 1H; aromatic H), 7.81 (m, 1H; aromatic H), 8.11 (d, J=


8.4 Hz, 1H; aromatic H), 8.35 (d, J=8.4 Hz, 1H; aromatic H), 8.75 (d,
J=7.1 Hz, 1H; aromatic H), 8.82 (s, 1H; aromatic H), 10.02 ppm (d, J=


9.2 Hz, 1H; aromatic H); 13C NMR (CDCl3): d =14.0 (CH3), 22.6, 27.2,
28.1, 29.2, 29.4, 29.5, 31.8, 40.6 (CH2N), 122.6, 125.4, 126.4 126.8, 128.3,
128.6, 129.6, 131.2, 132.2, 132.8, 133.4, 134.9, 136.1, 162.3 (C=O),
165.1 ppm (C=O); IR (KBr): ñ=3068 (w), 2957 (m), 2926 (s), 2854 (m),
1685 (s, C=O), 1660 (s, C=O), 1601 (w, C=C), 1560 (m, C=C), 1534 (w,
C=C), 1462 (w), 1452 (w), 1394 (w), 1355 (s), 1311 (w), 1280 (w), 1243
(w), 1170 (w), 1109 (w), 902 (w), 820 (w), 778 (w), 750 (m), 712 (w),
605 cm�1 (w); UV/Vis (CHCl3): lmax (loge)=361 (3.457), 380 (3.722), 416
(3.590), 437 (3.696), 461 nm (3.555); fluorescence (CHCl3): lmax (Irel)=


485 (1), 513 nm (0.77); solid-state fluorescence: lmax=536, 635 nm (sh);
MS (70 eV): m/z (%): 374 (26), 373 (100) [M]+ , 356 (7) [M�OH]+ , 261
(29), 260 (17) [M�C8H17]


+ , 248 (29), 247 (72) [M�C9H18]
+ , 230 (7)


[247�OH]+ , 205 (5), 204 (5) [M�C9H19NCO]
+ , 203 (10), 202 (7), 177 (9),


176 (10) [204�CO]+ ; elemental analysis calcd (%) for C25H27NO2: C
80.40, H 7.29, N 3.75; found: C 80.41, H 7.30, N 3.79.


N-(1-Hexylheptyl)anthracene-1,9-dicarboxyimide (6g): Compound 3
(1.94 g, 7.82 mmol), 1-hexylheptylamine (2.22 g, 11.1 mmol), zinc acetate
dihydrate (350 mg) and imidazole (10 g) were allowed to react (4 h) as
described for 6 f. The product was obtained as yellow crystals with a
brightly shining yellow solid-state fluorescence (2.15 g, 64%). M.p.
245 8C, Rf (silica gel, toluene)=0.80; 1H NMR (CDCl3): d=0.79 (t, J=


6.8 Hz, 6H; CH3), 1.26 (m, 16H; (CH2)4), 1.88 (m, 2H; (CH2)CHN), 2.28


(m, 2H; (CH2)CHN), 5.27 (m, 1H; (CH2)2CHN), 7.61 (m, 1H; aromatic
H), 7.72 (m, 1H; aromatic H), 7.81 (m, 1H; aromatic H), 8.10 (d, J=


8.4 Hz, 1H; aromatic H), 8.33 (d, J=8.4 Hz, 1H; aromatic H), 8.72 (d,
J=6.9 Hz, 1H; aromatic H), 8.81 (s, 1H; aromatic H), 9.96 ppm (d, J=


9.1 Hz, 1H; aromatic H); 13C NMR (CDCl3) d=14.0 (CH3), 22.6, 27.0,
29.3, 31.8, 32.6, 54.6 (NCHR2), 125.5, 126.4, 127.0, 128.5, 128.8, 129.7,
131.0, 132.6, 134.6, 135.8 ppm; IR (KBr): ñ =3050 (w), 2955 (m), 2925 (s),
2855 (m), 1689 (s, C=O), 1653 (s, C=O), 1617 (w, C=C), 1563 (m, C=C),
1533 (m, C=C), 1457 (m), 1430 (m), 1399 (m), 1369 (m), 1309 (m), 1280
(m), 1243 (m), 1212 (m), 1191 (m), 1150 (w), 1114 (m), 895 (w), 793 (w),
750 (w), 730 (m), 624 (w), 610 cm�1 (w); UV/Vis (CHCl3): lmax (log e)=


361 (2.628), 380 (3.016), 415 (2.929), 435 (3.051), 459 nm (2.898); fluores-
cence (CHCl3): lmax (Irel)=481 (1), 512 nm (0.78); solid-state fluores-
cence: lmax=485, 524, 632 nm; MS (70 eV): m/z (%): 430 (10), 429 (33)
[M]+ , 344 (3) [M�C6H13]


+ , 260 (6), 248 (45), 247 (100) [M�C13H26]
+ , 230


(7) [247�OH]+ , 205 (4), 204 (2) [M�C13H27NCO]
+ , 203 (4), 202 (5), 177


(3), 176 (3) [204�CO]+ ; elemental analysis calcd (%) for C29H35NO2: C
81.08, H 8.21, N 3.29; found: C 80.90, H 8.29, N 3.14.


N-(2-Ethylphenyl)anthracene-1,9-dicarboxyimide (6h): Compound 3
(2.06 g, 8.30 mmol), 2-ethylaniline (2.01 g, 16.6 mmol), zinc acetate dihy-
drate (330 mg) and imidazole (10 g) were allowed to react (4 h) as de-
scribed for 6 f. The product was obtained as a brightly shining yellowish-
orange powder with a strong solid-state fluorescence (1.31 g, 45%). M.p.
175–176 8C; Rf (silica gel, CHCl3)=0.21; 1H NMR (CDCl3): d=1.18 (t,
J=7.7 Hz, 3H; CH3), 2.57 (q, J=7.5 Hz, 2H; CH2CH3), 7.27 (d, J=


7.4 Hz, 1H; aromatic H), 7.41 (m, 1H; aromatic H), 7.49 (m, 2H; aro-
matic H), 7.65 (m, 1H; aromatic H), 7.81 (m, 2H; aromatic H), 8.17 (d,
J=8.4 Hz, 1H; aromatic H), 8.45 (d, J=7.6 Hz, 1H; aromatic H), 8.83
(d, J=7.0 Hz, 1H; aromatic H), 8.93 (s, 1H; aromatic H), 9.98 ppm (d,
J=9.1 Hz, 1H; aromatic H); 13C NMR (CDCl3): d =13.9 (CH3), 24.1
(CH2), 115.5, 122.8, 125.6 (CH), 126.7 (CH), 127.0 (CH), 127.1 (CH),
127.2, 128.8 (CH), 129.18 (CH), 129.11, 129.2 (CH), 129.7 (CH), 131.6
(CH), 132.6, 133.9, 134.9 (CH), 134.8, 135.5 (CH), 136.8 (CH), 141.4,
163.8 (C=O), 165.4 ppm (C=O); IR (KBr): ñ=3060 (w), 2970 (w), 2935
(w), 2875 (w), 1695 (s, C=O), 1658 (s, C=O), 1623 (m, C=C), 1563 (s, C=


C), 1532 (m, C=C), 1493 (m), 1454 (m), 1430 (m), 1392 (m), 1370 (m),
1320 (m), 1254 (m), 1214 (s), 1197 (m), 1148 (m), 1054 (w), 888 (m), 860
(w), 795 (m), 751 (s), 735 (s), 659 (m), 493 cm�1 (w); UV/Vis (CHCl3):
lmax (loge)=361 (3.294), 380 (3.623), 418 (3.538), 438 (3.651), 462 nm
(3.521); fluorescence (CHCl3): lmax (Irel)=481 (1), 512 nm (0.77); solid-
state fluorescence: lmax=486, 524, 544 (sh), 600, 630 nm (sh); MS
(70 eV): m/z (%): 352 (16), 351 (66) [M]+ , 335 (24), 334 (91) [M�OH]+ ,
323 (17), 322 (71) [M�C2H5]


+ , 319 (24), 306 (12), 291 (16), 247 (11), 204
(5) [M�C2H5�C6H4�NCO]+ , 203 (9), 202 (12), 177 (11), 176 (24)
[204�CO]+ , 175 (11), 150 (10) [176�C2H2]


+ , 121 (43), 106 (100), 101
(13); elemental analysis calcd (%) for C24H17NO2: C 82.03, H 4.88, N
3.99; found: C 82.47, H 5.17, N 4.15.


N-(2,3-Dimethylphenyl)anthracene-1,9-dicarboxyimide (6 i): Compound 3
(1.99 g, 8.02 mmol), 2,3-dimethylaniline (1.98 g, 16.3 mmol), zinc acetate
dihydrate (370 mg) and imidazole (10 g) were allowed to react (4 h) as
described for 6 f. The product was obtained as orange crystals with
yellow solid-state fluorescence (1.57 g, 56%). M.p. 290–291 8C; Rf (silica
gel; CHCl3)=0.24; 1H NMR (CDCl3): d=2.11 (s, 3H; CH3), 2.48 (s, 3H;
CH3), 7.36 (m, 2H; aromatic H), 7.65 (m, 1H; aromatic H), 7.80 (m, 2H;
aromatic H), 7.89 (m, 1H; aromatic H), 8.16 (d, J=7.7 Hz, 1H; aromatic
H), 8.44 (d, J=8.3 Hz, 1H; aromatic H), 8.82 (d, J=7.1 Hz, 1H; aromat-
ic H), 8.93 (s, 1H; aromatic H), 9.98 ppm (d, J=9.1 Hz, 1H; aromatic
H); 13C NMR (CDCl3): d =14.6 (CH3), 20.9 (CH3), 113.6, 123.2, 126.0,
126.3, 126.5, 126.9, 127.1, 127.4, 127.5, 127.8, 129.5, 130.2, 130.9, 131.3,
132.0, 133.0, 134.4, 135.9, 137.2, 138.6, 163.0 (C=O), 163.5 ppm (C=O);
IR (KBr): ñ=3070 (w), 2920 (w), 1718 (m), 1695 (w), 1680 (s, C=O),
1660 (s, C=O), 1602 (w, C=C), 1565 (m, C=C), 1535 (w, C=C), 1472 (m),
1452 (w), 1392 (w), 1366 (s), 1321 (m), 1267 (m), 1239 (m), 1215 (m),
1200 (w), 1152 (w), 884 (w), 777 (m), 753 (m), 738 (m), 710 (m), 610 (w),
557 cm�1 (w); UV/Vis (CHCl3): lmax (loge)=361 (3.539), 380 (3.946), 418
(3.857), 438 (3.986), 463 nm (3.839); fluorescence (CHCl3): lmax (Irel)=


483 (1), 513 nm (0.76); solid-state fluorescence: lmax=484, 523, 540 (sh),
631 nm; MS (70 eV): m/z (%): 352 (11), 351 (46) [M]+ , 337 (8), 336 (36),
335 (25), 334 (100) [M�OH]+ , 319 (11), 306 (6) [334�CO]+ , 291 (8), 230
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(3), 202 (4), 176 (14), 175 (3), 168 (3); elemental analysis calcd (%) for
C24H17NO2: C 82.03, H 4.88, N 3.99; found: C 82.23, H 5.07, N 3.99.


N-(2,5-Di-tert-butylphenyl)anthracene-1,9-dicarboxyimide (6 j): Com-
pound 3 (1.98 g, 7.98 mmol), 2,5-di-tert-butylaniline (2.37 g, 11.5 mmol),
zinc acetate dihydrate (350 mg) and imidazole (10 g) were allowed to
react (4 h) as described for 6 f. The product was obtained as bright
golden-yellow crystals with a strong solid-state fluorescence (2.22 g,
64%). M.p. 335–337 8C; Rf (silica gel; CHCl3)=0.73; 1H NMR (CDCl3):
d=1.31 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.34 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 7.07 (d, J=2.2 Hz, 1H;
aromatic H), 7.47 (dd, J1=8.4, J2=2.2 Hz, 1H; aromatic H), 7.61 (d, J=


8.5 Hz, 1H; aromatic H), 7.66 (m, 1H; aromatic H), 7.83 (m, 2H; aro-
matic H), 8.17 (d, J=8.6 Hz, 1H; aromatic H), 8.45 (d, J=8.4 Hz, 1H;
aromatic H), 8.84 (d, J=7.2 Hz, 1H; aromatic H), 8.93 (s, 1H; aromatic
H), 9.97 (d, J=9.3 Hz, 1H; aromatic H); 13C NMR (CDCl3): d=31.3
(CH3), 31.7 (CH3), 34.3 (C ACHTUNGTRENNUNG(CH3)3), 35.5 (C ACHTUNGTRENNUNG(CH3)3), 113.4, 123.1, 125.6,
126.1, 126.6, 127.0, 128.1, 128.7, 129.0, 129.2, 129.7, 131.5, 132.6, 133.5,
133.85, 133.92, 135.3, 136.6, 143.7, 150.0, 164.7 (C=O), 166.5 ppm (C=O);
IR (KBr): ñ=3050 (w), 2963 (m), 2910 (w), 2875 (w), 1700 (s, C=O),
1662 (s, C=O), 1621 (w, C=C), 1563 (s, C=C), 1532 (m, C=C), 1430 (m),
1398 (m), 1372 (m), 1318 (m), 1279 (w), 1251 (w), 1213 (m), 1185 (w),
1176 (w), 1145 (w), 1055 (w), 895 (w), 840 (w), 796 (w), 752 (w), 736 (m),
722 (w), 667 (w), 625 cm�1 (w); UV/Vis (CHCl3): lmax (loge)=361
(3.583), 379 (3.868), 416 (3.753), 436 (3.873), 462 nm (3.731); fluorescence
(CHCl3): lmax (Irel)=481 (1), 512 nm (0.77); fluorescence quantum yield
(CHCl3, reference perylene-3,4,9,10-tetracarboxylic tetramethyl ester[17]


with F =100%): 92%; solid-state fluorescence: lmax=529, 559 nm (sh);
MS (70 eV): m/z (%): 435 (2) [M]+ , 380 (5), 379 (28), 378 (100)
[M�C4H9]


+ , 363 (5), 362 (12), 346 (3), 279 (5), 167 (10), 149 (33), 112
(4), 111 (5), 109 (3), 105 (3), 97 (7), 95 (5), 91 (4), 85 (10), 83 (17), 81 (6),
71 (11), 69 (11), 57 (18), 55 (12); elemental analysis calcd (%) for
C30H29NO2: C 82.73, H 6.71, N 3.22; found: C 82.77, H 6.66, N 3.22.


Dimerisation of the anthracene-1,9-dicarboxyimides—preparation of the
optical filter solution and apparatus for irradiation : A solution was pre-
pared with naphthalene-1,8-dicarboxylic anhydride and KOH pellets (ef-
ficient exclusion of carbonate) in distilled water so that an extinction of
4–5 cm�1 was obtained between 250 and 320 nm; cutoff wavelength=


324 nm and absorptivity E=1 per cm at 329 nm. The extinction must be
low for l>360 nm. The anthracene-1,9-dicarboxyimides to be dimerised
were dissolved in chloroform in standard NMR tubes (5 mm diameter),
placed in the centre of the beaker and irradiated from the side through
the filter solution by using a 150 W tungsten wire bulb lamp.


Photoreaction of anthracene-1,9-dicarboxyimides to form 10 and 11—
general procedure : Compounds 6 (200 mg, about 0.5–0.7 mmol depend-
ing on the substituents on the nitrogen atoms of 6) to be dimerised were
dissolved in chloroform (1 mL or more) in a standard NMR tube (inner
diameter 4 mm). The tube was sealed and irradiated through the filter so-
lution of dipotassium naphthalene-1,8-dicarboxylate for several days until
fluorescence had completely disappeared. The NMR tube was then
opened and irradiation was continued until complete evaporation.


N-Ethylanthracene-1,9-dicarboxyimide dimers 10b and 11b : Compound
6b (200 mg, 7.3 mmol) was allowed to react according to the general pro-
cedure for photodimerisation. The product was obtained as a pale-yellow
powder (200 mg �100%). M.p. 173–175 8C; Rf (silica gel; CHCl3)=0.34;
1H NMR (CDCl3): d=0.90 (m, 6H; CH3), 4.23 (m, 2H; NCH2CH3), 4.33
(m, 2H; NCH2CH3), 4.81 (s, 1H), 4.83 (s, 1H), 6.78 (m, 1H; aromatic
H), 6.86 (m, 1H; aromatic H), 7.00 (m, 5H; aromatic H), 7.12 (m, 1H;
aromatic H), 7.51 (m, 3H; aromatic H), 7.72 (m, 1H; aromatic H), 7.81
(m, 1H; aromatic H), 7.83 ppm (m, 1H; aromatic H); 13C NMR (CDCl3):
d=13.9 (CH3), 36.1 (CH2), 58.2, 62.4 (CH), 123.6, 125.96, 126.04, 127.4,
127.6, 128.0, 129.2, 130.0, 131.3, 132.5, 132.8, 135.5, 140.2, 140.7, 141.2,
143.2, 144.0, 165.3 (C=O), 173.7 ppm (C=O); IR (KBr): ñ =3079 (w),
2980 (w), 2936 (w), 1707 (m, C=O), 1666 (s, C=O), 1603 (w, C=C), 1560
(w), 1482 (w, C=C), 1452 (w), 1437 (w), 1388 (w), 1371 (w), 1356 (m),
1312 (w), 1250 (m), 1231 (w), 1138 (w), 1096 (m), 824 (w), 796 (w), 780
(w), 751 (w), 732 (w), 708 (w), 670 (w), 609 cm�1 (w); UV/Vis (CHCl3):
lmax (log e)=264 (4.026) (sh), 300 (3.366), 313 nm (3.280); MS (70 eV):
m/z (%): 276 (20), 275 (94) [M]+ , 274 (9), 260 (17) [M�CH3]


+ , 259 (5),
248 (19), 247 (100) [M�C2H4]


+ , 246 (7), 233 (8), 231 (9), 230 (4)


[247�OH]+ , 219 (7), 205 (11), 204 (9) [M�C2H5NCO]
+ , 203 (22)


[204�H]+ , 202 (9), 190 (9), 177 (19), 176 (27) [204�CO]+ , 175 (9), 174
(6), 150 (7), 116 (7), 88 (29) [176�C7H4]


+ , 75 (6).


N-Butylanthracene-1,9-dicarboxyimide dimers 10c and 11c : Compound
6c (200 mg, 6.6 mmol) was allowed to react according to the general pro-
cedure for photodimerisation. The product was obtained as a pale-yellow
powder (200 mg, �100%). M.p. 170–172 8C; Rf (silica gel; CHCl3)=0.50;
1H NMR (CDCl3): d=1.03 (t, J=7.3 Hz, 6H; CH3), 1.49 (m, 4H;
CH2CH3), 1.76 (q, J=7.1 Hz, 4H; NCH2CH2), 4.24 (m, 4H; NCH2), 4.79
(s, 1H), 4.80 (s, 1H), 6.77 (m, 1H; aromatic H), 6.84 (m, 1H; aromatic
H), 6.98 (m, 5H; aromatic H), 7.10 (m, 1H; aromatic H), 7.25 (m, 1H;
aromatic H), 7.48 (m, 3H; aromatic H), 7.78 (m, 1H; aromatic H),
7.81 ppm (m, 1H; aromatic H); 13C NMR (CDCl3): d=14.3 (CH3), 20.8
(CH2), 30.8 (CH2), 40.7 (NCH2), 58.3, 62.4 (CH), 62.5 (CH), 123.3, 123.5,
126.0, 126.2, 127.1, 127.3, 127.4, 127.57, 127.63, 127.8, 128.0, 128.7, 130.0,
132.5, 133.9, 140.2, 140.5, 140.7, 141.1, 141.4, 142.2, 142.7, 163.7 (C=O),
163.8 (C=O), 173.9 (C=O), 174.1 ppm (C=O); IR (KBr): ñ =3068 (w),
2960 (m), 2932 (m), 2872 (w), 1709 (s, C=O), 1667 (s, C=O), 1602 (w, C=


C), 1481 (w, C=C), 1462 (m), 1452 (m), 1433 (w), 1390 (m), 1355 (s), 1322
(w), 1275 (w), 1239 (m), 1190 (w), 1139 (w), 1099 (m), 939 (w), 819 (w),
779 (w), 755 (m), 708 (m), 671 (w), 610 cm�1 (m); UV/Vis (CHCl3): lmax
(loge)=264 (4.123) (sh), 302 (3.512), 313 nm (3.466); MS (70 eV): m/z
(%): 304 (19), 303 (87) [M]+ , 286 (16) [M�OH]+ , 274 (6), 262 (6), 261
(36), 260 (16) [M�C3H7]


+ , 259 (8), 248 (22), 247 (100) [M�C4H8]
+ , 231


(6), 230 (7) [247�OH]+ , 219 (5), 204 (5) [M�C4H9NCO]
+ , 203 (11)


[204�H]+ , 202 (8), 190 (5), 177 (9), 176 (14) [204�CO]+ , 150 (2), 88 (4)
[176�C7H4]


+ .


N-Pentylanthracene-1,9-dicarboxyimide dimers 10d and 11d : Compound
6d (200 mg, 6.3 mmol) was allowed to react according to the general pro-
cedure for photodimerisation. The product was obtained as a pale-yellow
powder (200 mg �100%). M.p. 159–162 8C; Rf (silica gel; CHCl3)=0.62;
1H NMR (CDCl3): d=0.96 (m, 6H; CH3), 1.45 (m, 8H; (CH2)2CH3), 1.79
(m, 4H; CH2CH2N), 4.25 (m, 4H; CH2N), 4.81 (s, 1H), 4.82 (s, 1H), 6.79
(m, 1H; aromatic H), 6.86 (m, 1H; aromatic H), 7.01 (m, 5H; aromatic
H), 7.11 (m, 1H; aromatic H), 7.27 (m, 1H; aromatic H), 7.45 (m, 3H;
aromatic H), 7.80 (m, 1H; aromatic H), 7.83 ppm (m, 1H; aromatic H);
13C NMR (CDCl3): d=12.2 (CH3), 20.5, 26.0, 27.4, 38.6 (CH2N), 55.9,
60.1 (CH), 60.2 (CH), 121.0, 121.2, 123.6, 123.9, 124.8, 125.1, 125.1, 125.3,
125.3, 125.4, 125.7, 126.4, 127.7, 130.2, 131.6, 137.9, 138.2, 138.4, 138.8,
139.1, 139.9, 140.4, 161.3 (C=O), 161.4 (C=O), 171.6 (C=O), 171.8 ppm
(C=O); IR (KBr): ñ =3069 (w), 2957 (m), 2930 (m), 2860 (w), 1709 (s,
C=O), 1668 (s, C=O), 1602 (w, C=C), 1481 (w, C=C), 1462 (w), 1452 (w),
1434 (w), 1390 (w), 1355 (m), 1309 (w), 1262 (w), 1241 (w), 1187 (w),
1141 (w), 1102 (m), 1073 (w), 819 (w), 779 (w), 756 (w), 709 (w), 670 (w),
610 cm�1 (w); UV/Vis (CHCl3): lmax (loge)=266 (4.733), 300 (3.619), 313
(3.591), 360 (3.233), 380 (3.584), 415 (3.466), 437 (3.595), 461 nm (3.446);
MS (70 eV): m/z (%): 318 (23), 317 (100) [M]+ , 300 (11) [M�OH]+ , 274
(5), 261 (33), 260 (15) [M�C4H9]


+ , 248 (24), 247 (90) [M�C5H10]
+ , 230


(6) [247�OH]+ , 219 (4), 204 (4) [M�C5H9NCO]
+ , 203 (9), 202 (7), 190


(4), 177 (8), 176 (11) [204�CO]+ , 88 (3) [176�C7H4]
+ .


N-Hexylanthracene-1,9-dicarboxyimide dimers 10e and 11e : Compound
6e (200 mg, 6.0 mmol) was allowed to react according to the general pro-
cedure for photodimerisation. The product was obtained as a pale-yellow
powder (200 mg, �100%). M.p. 165–166 8C; Rf (silica gel; CHCl3)=0.89;
1H NMR (CDCl3): d=0.91 (m, 6H; CH3), 1.40 (m, 12H; (CH2)3CH3),
1.78 (m, 4H; CH2CH2N), 4.25 (m, 4H; CH2N), 4.80 (s, 1H), 4.82 (s, 1H),
6.77 (m, 1H; aromatic H), 6.85 (t, J=7.1 Hz, 1H; aromatic H), 6.98 (m,
5H; aromatic H), 7.10 (t, J=7.7 Hz, 1H; aromatic H), 7.27 (m, 1H; aro-
matic H), 7.48 (m, 3H; aromatic H), 7.79 (m, 1H; aromatic H), 7.81 ppm
(m, 1H; aromatic H); 13C NMR (CDCl3): d=14.5 (CH3), 23.1, 27.2, 28.7,
32.0, 40.9 (CH2N), 58.3, 62.4 (CH), 62.6 (CH), 123.3, 123.5, 126.0, 126.2,
127.2, 127.3, 127.4, 127.6, 127.6, 127.8, 128.0, 128.7, 130.0, 132.5, 133.9,
140.2, 140.5, 140.67, 140.70, 141.2, 141.4, 142.2, 142.7, 163.6 (C=O), 163.8
(C=O), 173.9 (C=O), 174.1 ppm (C=O); IR (KBr): ñ =2957 (m), 2930 (s),
2858 (m), 1708 (s, C=O), 1667 (s, C=O), 1602 (w, C=C), 1462 (w, C=C),
1434 (w), 1390 (w), 1355 (s), 1250 (w), 1182 (w), 1140 (w), 1101 (w), 1073
(w), 820 (w), 779 (w), 757 (w), 709 (w), 671 (w), 610 cm�1 (m); UV/Vis
(CHCl3): lmax (loge)=265 (4.418), 301 (3.302), 313 nm (3.154); MS (FAB,
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3-nitrobenzyl alcohol): m/z : 685 [M+Na]+ , 663 [M]+ ; MS (70 eV): m/z
(%): 332 (23), 331 (100) [M]+ , 314 (9) [M�OH]+ , 274 (4), 262 (6), 261
(31), 260 (15), 259 (6), 248 (24), 247 (81) [M�C6H12]


+ , 230 (6)
[247�OH]+ , 219 (4), 204 (4) [M�C6H13NCO]


+ , 203 (8), 202 (6), 190 (4),
177 (6), 176 (9) [204�CO]+.


N-Nonylanthracene-1,9-dicarboxyimide dimers 10 f and 11 f : Compound
6 f (200 mg, 5.4 mmol) was allowed to react according to the general pro-
cedure for photodimerisation. The product was obtained as a pale-yellow
powder (200 mg, �100%). M.p. 151–153 8C; Rf (silica gel; CHCl3)=0.76;
1H NMR (CDCl3): d =0.86 (m, 6H; CH3), 1.26–1.42 (m, 24H;
(CH2)6CH3), 1.76 (m, 4H; NCH2CH2), 4.23 (m, 4H; NCH2), 4.79 (s, 1H),
4.80 (s, 1H), 6.75 (m, 1H; aromatic H), 6.84 (m, 1H; aromatic H), 6.92–
7.01 (m, 5H; aromatic H), 7.09 (m, 1H; aromatic H), 7.26 (m, 1H; aro-
matic H), 7.45 (m, 3H; aromatic H), 7.79 (m, 1H; aromatic H), 7.81 ppm
(m, 1H; aromatic H); 13C NMR (CDCl3): d=13.5 (CH3), 22.1, 26.6, 27.7,
28.7, 28.8, 29.0, 31.3, 40.0 (CH2N), 57.3, 61.4 (CH), 61.6 (CH), 122.3,
125.0, 125.2, 126.2, 126.3, 126.6, 126.8, 127.0, 127.7, 129.0, 131.5, 132.9,
139.5, 139.7, 140.2, 140.4, 162.8 (C=O), 172.9 (C=O), 173.1 ppm (C=O);
IR (KBr): ñ=2927 (m), 2856 (m), 1707 (s, C=O), 1663 (s, C=O), 1462 (w,
C=C), 1391 (w), 1356 (m), 1242 (w), 1170 (w), 1102 (w), 820 (w), 778 (w),
752 (w), 710 (w), 606 cm�1 (m); UV/Vis (CHCl3): lmax (loge)=266 (sh)
(4.214), 303 (3.059), 313 nm (3.068); MS (70 eV): m/z (%): 374 (26), 373
(100) [M]+ , 356 (7) [M�OH]+ , 261 (29), 260 (17) [M�C8H17]


+ , 248 (29),
247 (72) [M�C9H18]


+ , 230 (7) [247�OH]+ , 205 (5), 204 (5)
[M�C9H19NCO]


+ , 203 (10), 202 (7), 177 (9), 176 (10) [204�CO]+ .


N-(1-Hexylheptyl)anthracene-1,9-dicarboxyimide dimers 10g and 11g :
Compound 6g (200 mg, 4.7 mmol) was allowed to react according to the
general procedure for photodimerisation. The product was obtained as a
pale-yellow powder (200 mg, �100%). M.p. 142–144 8C; Rf (silica gel;
toluene)=0.90; 1H NMR (CDCl3): d=0.84 (m, 12H; CH3), 1.20–1.45 (m,
32H; (CH2)4), 1.88 (m, 8H; (CH2)CHN), 2.34 (m, 8H; (CH2)CHN), 4.82
(s, 2H), 5.18–5.32 (m, 2H; (CH2)2CHN), 6.77 (m, 1H; aromatic H), 6.84
(m, 1H; aromatic H), 6.90–7.04 (m, 5H; aromatic H), 7.08 (m, 1H; aro-
matic H), 7.27 (m, 1H; aromatic H), 7.38 (m, 2H; aromatic H), 7.47 (m,
1H; aromatic H), 7.77 (s, 1H; aromatic H), 7.79 ppm (s, 1H; aromatic
H); 13C NMR (CDCl3): d =14.5 (CH3), 23.0, 27.4, 29.6, 32.3, 42.5, 54.7
(NCHR2), 58.5, 62.7 (CH), 123.8, 124.1, 125.1, 125.7, 126.0, 127.2, 127.4,
127.4, 127.6, 127.8, 128.8, 130.1, 132.3, 133.7, 140.7, 140.9, 141.1, 141.4,
143.4, 143.6 ppm; IR (KBr): ñ=2955 (m), 2926 (s), 2856 (m), 1708 (s, C=


O), 1666 (s, C=O), 1462 (s, C=C), 1402 (w), 1353 (m), 1320 (w), 1245
(m), 1180 (w), 1105 (w), 1072 (w), 881 (w), 819 (w), 778 (w), 752 (w), 710
(w), 670 (w), 612 cm�1 (m); UV/Vis (CHCl3): lmax (loge)=266 (4.647),
301 (3.622), 314 (3.585), 380 (3.518), 410 (3.395), 434 (3.556), 458 (3.492),
489 (3.262), 526 nm (3.474); MS (70 eV): m/z (%): 430 (10), 429 (33)
[M]+ , 344 (3) [M�C6H13]


+ , 260 (6), 248 (45), 247 (100) [M�C13H26]
+ , 230


(7) [247�OH]+ , 205 (4), 204 (2) [M�C13H27NCO]
+ , 203 (4), 202 (5), 177


(3), 176 (3) [204�CO]+ .


N-(2-Ethylphenyl)anthracene-1,9-dicarboxyimide dimers 10h and 11h :
Compound 6h (200 mg, 5.7 mmol) was allowed to react according to the
general procedure for photodimerisation. The product was obtained as a
pale-yellow powder (200 mg, �100%). M.p. 148–150 8C; Rf (silica gel;
CHCl3)=0.30; 1H NMR (CDCl3): d=1.13 (m, 3H; CH3), 1.47 (m, 3H;
CH3), 2.41 (m, 2H; CH2CH3), 2.81 (m, 2H; CH2CH3), 5.01 (m, 1H), 5.03
(m, 1H), 6.95–7.02 (m, 7H; aromatic H), 7.10–7.18 (m, 3H; aromatic H),
7.41 (m, 3H; aromatic H), 7.50–7.56 (m, 7H; aromatic H), 7.84–7.86 ppm
(m, 2H; aromatic H); 13C NMR (CDCl3): d=14.4 (CH3), 14.5 (CH3), 24.3
(CH2), 24.7 (CH2), 59.7, 60.0, 63.1 (CH), 63.6 (CH), 124.2, 124.9, 127.3,
127.4, 127.6, 127.9, 128.0, 128.3, 129.0, 129.6, 130.0, 134.3, 134.5, 141.3,
141.9, 142.7, 143.4 ppm; IR (KBr): ñ=3066 (w), 3034 (w), 2968 (w), 2932
(w), 2875 (w), 1718 (s, C=O), 1679 (s, C=O), 1600 (w, C=C), 1491 (w, C=


C), 1452 (m), 1363 (s), 1321 (w), 1264 (m), 1234 (w), 1208 (w), 1145 (w),
1055 (w), 910 (w), 852 (w), 779 (w), 757 (m), 735 (m), 707 (w), 615 cm�1


(m); UV/Vis (CHCl3): lmax (loge)=262 (4.294), 301 (3.610), 316 (3.594),
380 (2.913), 412 (2.726), 437 (2.898), 463 nm (2.700); MS (70 eV): m/z
(%): 352 (16), 351 (66) [M]+ , 335 (24), 334 (91) [M�OH]+ , 323 (17), 322
(71) [M�C2H5]


+ , 319 (24), 306 (12), 291 (16), 247 (11), 204 (5) [M�C2H5-
C6H4-NCO]


+ , 203 (9), 202 (12), 177 (11), 176 (24) [204�CO]+ , 175 (11),
150 (10) [176�C2H2]


+ , 121 (43), 106 (100), 101 (13).


N-(2,3-Dimethylphenyl)anthracene-1,9-dicarboxyimide dimers 10 i and
11 i : Compound 6 i (200 mg, 5.7 mmol) was allowed to react according to
the general procedure for photodimerisation. The product was obtained
as a pale-yellow powder (200 mg, �100%). M.p. 290–292 8C; Rf (silica
gel; CHCl3)=0.29; 1H NMR (CDCl3): d=2.00 (s, 3H; CH3), 2.40 (s, 6H;
CH3), 2.49 (s, 3H; CH3), 5.03 (m, 2H), 6.95–7.52 (m, 18H; aromatic H),
7.87 ppm (m, 2H; aromatic H); 13C NMR (CDCl3): d=14.5 (CH3), 14.9
(CH3), 20.9 (CH3), 58.9, 62.5 (CH), 62.9 (CH), 123.2, 126.3, 127.1, 127.2,
127.6, 128.0, 128.3, 128.9, 131.3, 133.0, 134.5, 134.7, 138.7, 139.0, 140.5,
141.5, 142.5, 164.5 (C=O), 165.1 (C=O), 174.6 (C=O), 175.3 ppm (C=O);
IR (KBr): ñ=3071 (w), 2924 (w), 1718 (s, C=O), 1681 (s, C=O), 1602 (w,
C=C), 1472 (m, C=C), 1453 (w), 1365 (s), 1322 (w), 1267 (m), 1239 (m),
1153 (w), 1048 (w), 912 (w), 884 (w), 835 (w), 818 (w), 777 (m), 756 (m),
738 (w), 708 (w), 610 (w), 558 cm�1 (w); UV/Vis (CHCl3): lmax (log e)=


264 (4.525), 301 (3.639), 312 (3.628), 379 (3.415), 414 (3.314), 437 (3.446),
462 nm (3.296); MS (70 eV): m/z (%): 352 (11), 351 (46) [M]+ , 337 (8),
336 (36), 335 (25), 334 (100) [M�OH]+ , 319 (11), 306 (6) [334�CO]+ ,
291 (8), 230 (3), 202 (4), 176 (14), 175 (3), 168 (3).


N-(2,5-Di-tert-butylphenyl)anthracene-1,9-dicarboxyimide dimers 10 j
and 11j : Compound 6j (200 mg, 4.6 mmol) was allowed to react accord-
ing to the general procedure for photodimerisation. The product was ob-
tained as a pale-yellow powder (200 mg, �100%). M.p. >300 8C; Rf


(silica gel; CHCl3)=0.83; 1H NMR (CDCl3): d=1.24 (m, 20H), 1.44 (s,
6H), 1.61 (m, 10H), 4.94 (m, 1H), 5.11 (m, 1H), 6.75 ppm (m, 1H; aro-
matic H); 13C NMR (CDCl3): d =31.6 (CH3), 31.7 (CH3), 32.3 (CH3), 32.6
(CH3), 36.5 (C ACHTUNGTRENNUNG(CH3)3), 58.4, 63.8 (CH), 64.2 (CH), 125.1, 125.1, 125.97,
126.01, 127.2, 127.6, 127.8, 128.7, 129.1, 129.6, 130.1, 135.0 ppm; IR
(KBr): ñ=3069 (w), 2963 (m), 2869 (w), 1719 (s, C=O), 1679 (s, C=O),
1601 (w, C=C), 1481 (w, C=C), 1462 (w), 1394 (w), 1360 (s), 1321 (w),
1251 (m), 1204 (w), 1158 (w), 1054 (w), 910 (w), 836 (m), 778 (w), 755
(w), 735 (w), 709 (w), 674 (w), 616 cm�1 (w); UV/Vis (CHCl3): lmax
(loge)=265 (4.460), 303 (3.701), 315 (3.664), 379 (3.370), 416 (3.283), 436
(3.386), 460 nm (3.253); MS (70 eV): m/z (%): 435 (2) [M]+ , 380 (5), 379
(28), 378 (100) [M�C4H9]


+ , 363 (5), 362 (12), 346 (3), 279 (5), 167 (10),
149 (33), 112 (4), 111 (5), 109 (3), 105 (3), 97 (7), 95 (5), 91 (4), 85 (10),
83 (17), 81 (6), 71 (11), 69 (11), 57 (18), 55 (12).


Amidine 12 from anthracene-1,9-dicarboxylic anhydride and neopentane-
diamine : Compound 3 (1.27 g, 5.12 mmol), neopentanediamine (5 mL,
48.9 mmol) and distilled water (30 mL) were stirred at room temperature
under argon for 1 h and then heated at reflux with stirring for 3 h (bath
temperature 170 8C, orange material). The mixture was allowed to cool,
collected by vacuum filtration (G4 glass filter), washed with small
amounts of distilled water and purified by pressure-induced flash chro-
matography in the dark (silica gel, chloroform). The yellow fluorescent
main fraction was rapidly evaporated, dried in a stream of argon, then in
a medium vacuum and stored in the dark; dimers 14 and 15 would be
formed in daylight. The product was obtained as a bright-yellow powder
with a strong solid-state fluorescence (1.77 g, 79%). M.p. 175–177 8C; Rf
(silica gel; CHCl3)=0.10; 1H NMR (CDCl3): d=1.10 (s, 6H; CH3), 3.49
(s, 2H; CH2N), 3.82 (s, 2H; CH2N), 7.59 (m, 2H; aromatic H), 7.72 (m,
1H; aromatic H), 8.04 (d, J=7.9 Hz, 1H; aromatic H), 8.16 (d, J=


8.2 Hz, 1H; aromatic H), 8.69 (d, J=7.4 Hz, 1H; aromatic H), 8.72 (s,
1H; aromatic H), 10.00 ppm (d, J=9.2 Hz, 1H; aromatic H); 13C NMR
(CDCl3): d =24.8 (CH3), 27.7 (CH2N), 50.9 (CH2N=), 57.8 (C ACHTUNGTRENNUNG(CH3)2),
113.3, 116.1, 125.1, 125.5, 126.0, 127.1, 127.5, 128.9, 129.3, 129.9, 131.5,
132.3, 132.7, 134.9, 146.4 (C=N), 163.9 ppm (C=O); IR (KBr): ñ =3125
(w), 3060 (w), 2960 (w), 2950 (w), 2847 (w), 1661 (s, C=O), 1631 (s, C=


N), 1603 (s, C=C), 1562 (m, C=C), 1533 (w, C=C), 1428 (m), 1369 (m),
1355 (w), 1330 (w), 1298 (m), 1261 (s), 1196 (m), 1169 (m), 1144 (m),
1091 (w), 1023 (w), 895 (m), 790 (m), 731 (m), 668 (m), 532 cm�1 (w);
UV/Vis (CHCl3): lmax (loge)=253 (4.476), 271 (4.795), 368 (3.408), 381
(3.643), 387 (3.773), 419 (sh) (3.666), 445 (3.870), 466 (3.895), 497 nm (sh)
(3.633); fluorescence (CHCl3): lmax (Irel)=518 (1), 558 (0.59), 601 nm (sh)
(0.32); solid-state fluorescence: lmax=555 nm; MS (70 eV): m/z (%): 316
(3), 315 (23), 314 (100) [M]+ , 313 (12), 300 (7), 299 (33) [M�CH3]


+ , 284
(9), 271 (10) [99�CO]+ , 259 (10), 258 (27) [M�C4H8]


+ , 246 (9), 231 (19),
230 (59) [258�CO]+ , 203 (15), 202 (32) [M�C5H10NCO]


+ , 201 (13), 176
(6) [202�CN]+ , 175 (7); elemental analysis calcd (%) for C21H18N2O: C
80.23, H 5.77, N 8.91; found: C 79.96, H 5.80, N 8.95.
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Crystal data for 12 : The crystal structure was determined with an Enraf-
Nonius CAD4 diffractometer with MoKa radiation and a highly oriented
graphite crystal as monochromator. C21H18N2O; Mr=314.37; a=9.134(3),
b=10.189(2), c=16.816(4) P; b=101.22(3)8 ; V=1535.1(7) P3; Z=4;
1calcd=1.360 gcm�3 ; m=0.085 mm�1; monoclinic; space group P21/c (Nr.
14). Data collection: single crystal 0.10Q0.40Q0.47 mm3 (yellow plate);
w data collection, scan width 0.50+0.35tanq ; maximal collection time
90 s for each reflex, number of reflections: 2275 (collected), 2120 (inde-
pendent), 1641 (observed) [I>2s(I)], minimal correction for absorption,
structure solution with SHELXS86, refinement with SHELXL93,[18] 219
parameters, R1=0.0462(2s(I)), wR2=0.1293(2s(I)), weighing w= ACHTUNGTRENNUNG1/
[s2Fo


2+0.0621], GOF=1.108, max. and min. residual electron density
0.170/�0.168 eP�3.
CCDC 204452 contains the supplementary crystallographic data for 12.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Amidine 13 from anthracene-1,9-dicarboxylic anhydride and o-phenyl-
ACHTUNGTRENNUNGenediamine : Compound 3 (560 mg, 2.26 mmol) and o-phenylenediamine
(1.56 g, 14.4 mmol) in acetic acid (100 mL) were heated at reflux under
argon for 3 h (dark-red solution). The mixture was then evaporated in
vacuo and purified by pressure-induced flash chromatography in the dark
(silica gel, chloroform). The reddish-orange fluorescent main fraction was
rapidly evaporated, dried in a stream of argon and then in a medium
vacuum and stored in the dark; dimers 16 and 17 would be formed in
daylight. The product was obtained as a bright-red, analytically pure
powder with a reddish-orange solid-state fluorescence (260 mg, 36%).
Recrystallisation from chloroform gave reddish-brown needles. M.p.
228 8C; Rf (silica gel, CHCl3)=0.75; 1H NMR (CDCl3): d =7.51 (m, 2H;
aromatic H), 7.64 (m, 1H; aromatic H), 7.76 (m, 1H; aromatic H), 7.89
(m, 1H; aromatic H), 7.97 (m, 1H; aromatic H), 8.09 (d, J=8.4 Hz, 1H;
aromatic H), 8.40 (d, J=8.4 Hz, 1H; aromatic H), 8.63 (m, 1H; aromatic
H), 8.69 (s, 1H; aromatic H), 8.91 (d, J=7.1 Hz, 1H; aromatic H),
10.64 ppm (d, J=9.1 Hz, 1H; aromatic H); 13C NMR (CDCl3): d=114.9,
116.0 (CH), 120.2 (CH), 123.1, 125.3 (CH), 125.5 (CH), 125.7 (CH),
126.4, 126.7 (CH), 128.0 (CH), 129.5 (CH), 129.6, 130.5 (CH), 131.0,
131.5, 132.5, 133.4 (CH), 133.7 (CH), 136.5 (CH), 144.1, 150.1 (C=N),
160.8 ppm (C=O); IR (KBr): ñ=3050 (w), 2930 (w), 1690 (s, C=O), 1622
(m, C=N), 1559 (m, C=C), 1532 (m, C=C), 1522 (m, C=C), 1450 (m),
1403 (s), 1371 (w), 1362 (m), 1331 (m), 1299 (w), 1272 (m), 1214 (m),
1157 (w), 1058 (w), 878 (w), 748 (s), 714 (m), 442 cm�1 m; UV/Vis
(CHCl3): lmax (log e)=366 (3.469), 385 (3.535), 461 (3.998), 482 (4.098),
508 nm (3.927); fluorescence (CHCl3): lmax (Irel)=554 (0.79), 589 nm (1);
fluorescence quantum yield (CHCl3, reference perylene-3,4,9,10-tetracar-
boxylic tetramethyl ester[17] with F =100%): 48%; solid-state fluores-
cence (bright-red powder): lmax=607, 680 nm (sh); solid-state fluores-
cence (reddish-brown needles): lmax=578, 670 nm; MS (70 eV): m/z (%):
322 (2), 321 (20), 320 (100) [M]+ , 319 (12), 292 (3) [M�CO]+ , 291 (8),
290 (3), 289 (1), 265 (1), 264 (1), 160 (6) [M]2+ , 146 (10) [M�CO]2+ , 145
(10), 133 (1), 132 (2), 131 (2), 118 (2); elemental analysis calcd (%) for
C22H12N2O: C 82.49, H 3.78, N 8.75; found: C 82.52, H 4.08, N 8.66.


Synthesis of the dimers 7 and 8 :


Aceanthrene Green (7a and 8a): Solid 85% KOH (30.01 g, 454.7 mmol)
was heated in a nickel crucible at 150–155 8C (temperature control of the
melt by a thermocouple). Aceanthrenequinone oxime (4 and 5, 6.01 g,
24.3 mmol) was then added in portions with efficient stirring (stainless
steel stirrer) and allowed to react for 15 min. The mixture was then
cooled to room temperature, treated with distilled water (150 mL), trans-
ferred to a large vessel because of the formation of foam, treated with
30% acetic acid (63 mL) and 30% hydrogen peroxide (200 mL) and al-
lowed to stand in air for 6 d. The product was collected by vacuum filtra-
tion (G4 glass filter), washed with a small amount of distilled water,
dried in air at 115 8C, finely pulverised, extracted with ethanol for 2 d
(the extract turned from red to colourless) and dried in air at 115 8C
(5.89 g, 99%; lit. :[2] 90%). M.p. >300 8C, Rf (silica gel, CHCl3)=0.00 for
the main product 7a ; Rf (silica gel, CHCl3)=0.03 for the byproduct 8a ;
1H NMR (CDCl3/F3CCOOD): d=7.49 (t, J=6.06 Hz, 2H; 6-H, 6’-H, cis
isomer 8a), 7.63 (d, J=6.74 Hz, 2H; 5-H, 5’-H, cis isomer 8a), 7.86 (t,
J=8.08 Hz, 2H; 6-H, 6’-H, trans isomer 7a), 7.94 (t, J=6.74 Hz, 2H; 7-


H, 7’-H, cis isomer 8a), 8.05 (t, J=6.74 Hz, 2H; 7-H, 7’-H, trans isomer
7a), 8.63 (m, 4H; 3-H, 3’-H, 5-H, 5’-H, trans isomer 7a), 8.90 (m, 4H; 2-
H, 2’-H, trans isomer 7a ; 3-H, 3’-H, cis isomer 8a), 9.03 (d, J=8.76 Hz,
2H; 2-H, 2’-H, cis isomer 8a), 9.87 (d, J=8.08 Hz, 2H; 8-H, 8’-H, cis
isomer 8a), 9.99 ppm (d, J=9.43 Hz, 2H; 8-H, 8’-H, trans isomer 7a); IR
(KBr): ñ =3067 (w), 2850 (w), 1674 (s, C=O), 1655 (m, C=O), 1583 (w),
1565 (m), 1534 (m), 1426 (m), 1394 (w), 1371 (w), 1331 (w), 1282 (w),
1259 (w), 1236 (w), 1164 (w), 813 (w), 775 (w), 745 (w), 651 (w), 591 (w),
574 (w), 518 (w), 420 cm�1 (w); UV/Vis (DMSO): lmax (loge)=285
(4.556), 300 (sh) (4.497), 419 (3.940), 442 (sh) (3.901), 578 (sh) (3.807),
635 (4.100), 691 nm (4.269); fluorescence (DMSO): lmax=750 nm; solid-
state fluorescence: lmax=796 nm; MS (70 eV): m/z (%): 491 (22), 490
(61) [M]+ , 422 (18), 421 (56), 420 (12), 419 (13), 373 (10), 352 (11), 350
(13), 349 (10), 348 (11), 247 (22), 222 (12), 217 (11), 194 (24), 178 (13),
176 (18), 175 (15), 174 (22), 173 (20), 172 (10), 168 (10), 167 (10), 165
(19), 161 (12), 63 (11), 44 (100), 32 (17), 28 (88); MS: m/z calcd for
C32H14N2O4: 490.0953; found: 490.0967 (MS).


Dimer 7b : Solid 85% KOH (3.90 g, 59.1 mmol) and compound 6b
(750 mg, 2.72 mmol) were allowed to react as was described for 7a and
8a (225–235 8C, 10 min). The melt was treated with distilled water
(400 mL) and oxidised by passing air over it for 1 d. The product was col-
lected by vacuum filtration (G4 glass filter), washed with distilled water,
dried at 115 8C, purified by flash chromatography (silica gel, starting with
a concentrated solution of 7b in chloroform, elution with toluene and
collection by the addition of tert-butyl methyl ether to the chloroform),
evaporated and extracted with ethanol for one week to give the product
as a dark-green powder and violet crystals (210 mg, 28%). M.p. >350 8C;
Rf (silica gel; CHCl3)=0.01; Rf (silica gel; CHCl3/n-butanol 40:1)=0.32;
1H NMR (CDCl3): d=1.46 (t, J=6.8 Hz, 6H; CH3), 4.37 (q, J=6.9 Hz,
4H; CH2N), 7.58 (m, 2H; aromatic H), 7.80 (m, 2H; aromatic H), 8.18
(d, J=7.2 Hz, 2H; aromatic H), 8.32 (d, J=8.2 Hz, 2H; aromatic H),
8.56 (d, J=7.3 Hz, 2H; aromatic H), 9.95 ppm (d, J=8.8 Hz, 2H; aro-
matic H); 13C NMR (CDCl3): d =13.9 (CH3), 36.5 (CH2), 116.3, 124.4,
126.3, 127.4, 127.7, 127.9, 129.2, 130.3, 130.9, 131.6, 133.6, 134.5, 163.0
(C=O), 164.5 ppm (C=O); IR (KBr): ñ=3125 (w), 2978 (w), 2934 (w),
2875 (w), 2854 (w), 1685 (s, C=O), 1648 (s, C=O), 1583 (w, C=C), 1565
(m, C=C), 1539 (w, C=C), 1436 (m), 1432 (w), 1399 (w), 1387 (w), 1375
(w), 1355 (w), 1323 (m), 1279 (w), 1254 (w), 1238 (w), 1106 (m), 962 (w),
813 (m), 774 (m), 630 cm�1 (w); UV/Vis (CHCl3): lmax (loge)=257
(4.750), 285 (4.562), 299 (4.608), 376 (3.718), 424 (3.847), 543 (sh) (3.409),
586 (sh) (3.904), 639 (4.349), 696 nm (4.601); fluorescence (CHCl3):
lmax=730 nm; MS (70 eV): m/z (%): 548 (7); 547 (37), 546 (100) [M]+ ,
531 (6), 519 (8), 518 (22) [M�C2H4]


+ , 504 (5), 503 (6), 491 (6), 490 (19)
[M�2C2H4]


+, 476 (10), 475 (8), 474 (4), 448 (8), 447 (11), 446 (8), 433
(5), 420 (11), 419 (5), 377 (5), 376 (5), 375 (7), 374 (4), 373 (4), 364 (5),
362 (7), 349 (6), 348 (6), 188 (4), 187 (8), 174 (9), 85 (25), 83 (40), 47 (7);
MS: m/z calcd for C36H22N2O4: 546.1580; found: 546.1580; elemental
analysis calcd (%) for C36H22N2O4: C 79.11, H 4.06, N 5.13; found: C
78.00, H 4.61, N 5.05.


Dimer 7c : Solid 85% KOH (4.05 g, 61.4 mmol) and N-butylanthracene-
1,9-dicarboxyimide (6c, 1.00 g, 3.30 mmol) were allowed to react as was
described for 7a and 8a (225–235 8C, 14 min). The melt was cautiously
treated with 10% hydrogen peroxide (120 mL), treated with chloroform
(200 mL) to form a lower layer and weakly stirred for 20 min so that the
phase separation between the cherry-red aqueous phase and the dark-
green chloroform phase remained visible. The chloroform phase was col-
lected and the aqueous phase was treated a further two times with
chloroform in the same manner. The combined organic phases were
washed with distilled water, evaporated and the residue extracted with
methanol until the extract remained colourless. The extracting solvent
was changed to chloroform to collect 7c, evaporated, purified by flash
column chromatography (silica gel, chloroform for elution and ethyl ace-
tate for collection), evaporated and extracted with methanol for 2 d to
give the product as an analytically pure, dark-green powder (110 mg,
11%). M.p. >350 8C; Rf (silica gel, CHCl3)=0.16; 1H NMR (CDCl3): d=


1.06 (t, J=7.3 Hz, 6H; CH3), 1.53 (m, 4H; CH2CH3), 1.83 (m, 4H;
CH2CH2N), 4.28 (m, 4H; CH2N), 7.56 (m, 2H; aromatic H), 7.77 (m,
2H; aromatic H), 8.14 (d, J=7.8 Hz, 2H; aromatic H), 8.28 (d, J=


8.6 Hz, 2H; aromatic H), 8.54 (d, J=7.8 Hz, 2H; aromatic H), 9.92 ppm
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(d, J=8.8 Hz, 2H; aromatic H); 13C NMR (CDCl3): d =14.3 (CH3), 21.0
(CH2), 30.7 (CH2), 41.2 (CH2N), 116.2, 122.4, 124.3, 127.1, 127.5, 127.9,
129.2, 130.0, 130.8, 130.9, 131.5, 133.4, 133.5, 134.2, 163.1 (C=O),
164.5 ppm (C=O); IR (KBr): ñ=2962 (m), 2932 (w), 2871 (w), 1683 (s,
C=O), 1644 (s, C=O), 1583 (m, C=C), 1567 (s, C=C), 1538 (m, C=C),
1438 (w), 1435 (m), 1401 (w), 1389 (m), 1344 (w), 1326 (m), 1198 (w),
1112 (m), 812 (m), 773 (m), 730 (w), 574 cm�1 (w); UV/Vis (CHCl3): lmax
(loge)=258 (4.807), 287 (4.610), 300 (4.666), 372 (sh) (3.719), 423
(3.875), 583 (sh) (3.928), 640 (4.426), 696 nm (4.678); fluorescence
(CHCl3): lmax=740 nm; MS (70 eV): m/z (%): 604 (10), 603 (44), 602
(100) [M]+ , 586 (9), 585 (20) [M�OH]+ , 547 (9), 546 (10) [M�C4H8]


+ ,
529 (8) [546�OH]+ , 505 (5), 504 (12), 503 (3) [M�C4H9NCO]


+ , 491 (12),
490 (20) [M�2C4H8], 420 (7), 419 (7), 374 (5), 373 (5), 348 (5); elemental
analysis calcd (%) for C40H30N2O4: C 79.72, H 5.02, N 4.65; found: C
79.86, H 5.08, N 4.79.


Dimer 7d : Solid 85% KOH (21.12 g, 340 mmol) and compound 6d
(4.92 g, 15.5 mmol) were allowed to react as was described for 7c. The
product was obtained as an analytically pure, turquoise powder (1.09 g,
22%). M.p. 345–348 8C; Rf (silica gel; CHCl3)=0.18; 1H NMR (CDCl3):
d=0.97 (t, J=7.0 Hz, 6H; CH3), 1.47 [m, 8H; (CH2)2CH3], 1.84 (quintet,
J=7.3 Hz, 4H; CH2CH2N), 4.29 (m, 4H; CH2N), 7.59 (m, 2H; aromatic
H), 7.79 (m, 2H; aromatic H), 8.19 (d, J=7.8 Hz, 2H; aromatic H), 8.34
(d, J=8.6 Hz, 2H; aromatic H), 8.58 (d, J=7.8 Hz, 2H; aromatic H),
9.94 ppm (d, J=8.7 Hz, 2H; aromatic H); 13C NMR (CDCl3): d =14.1
(CH3), 22.5 (CH2), 27.9 (CH2), 29.5 (CH2), 41.0 (CH2N), 115.9, 122.1,
124.1, 126.9, 127.3, 127.5, 128.8, 129.8, 130.5, 130.6, 131.2, 133.1, 133.3,
134.0, 162.8 (C=O), 164.2 ppm (C=O); IR (KBr): ñ=3070 (w), 2957 (m),
2931 (w), 2870 (w), 1685 (s, C=O), 1647 (s, C=O), 1583 (w, C=C), 1568
(m, C=C), 1539 (m, C=C), 1434 (m), 1421 (w), 1388 (m), 1343 (w), 1326
(m), 1256 (w), 1238 (w), 1192 (w), 1111 (m), 812 (m), 773 (m), 730 (w),
575 (w), 430 cm�1 (w); UV/Vis (CHCl3): lmax (loge)=256 (4.805), 286
(4.624), 300 (4.662), 361 (sh) (3.791), 376 (3.851), 422 (3.937), 495 (3.323),
532 (3.541), 585 (sh) (3.995), 639 (4.423), 696 nm (4.672); fluorescence
(CHCl3): lmax=738 nm; solid-state fluorescence: lmax=791 nm; MS
(70 eV): m/z (%): 632 (11), 631 (45), 630 (100) [M]+ , 614 (5), 613 (11)
[M�OH]+ , 562 (5), 561 (13), 560 (8) [M�C5H10]


+ , 543 (3) [560�OH]+ ,
505 (5), 504 (10), 492 (6), 491 (13), 490 (17) [M�2C5H10]


+ , 445 (3)
[490�CO�OH]+ , 420 (6), 419 (5) [560�C5H11NCO�CO]+ , 376 (2)
[M�2C5H11NCO�CO]+ , 375 (4), 374 (4), 373 (4), 362 (3), 349 (4), 348
(3); elemental analysis calcd (%) for C42H34N2O4: C 79.98, H 5.43, N
4.44; found: C 80.07, H 5.52, N 4.28.


Dimer 7e : Solid 85% KOH (5.00 g, 75.7 mmol) and compound 6e
(1.26 g, 3.80 mmol) were allowed to react as was described for 7c. The
product was obtained as an analytically pure, green powder (200 mg,
16%). M.p. 325–327 8C; Rf (silica gel; CHCl3)=0.19; Rf (silica gel;
CHCl3/1-butanol, 40:1)=0.66; 1H NMR (CDCl3): d =0.94 (t, J=6.9 Hz,
6H; CH3), 1.46 (m, 12H; (CH2)3CH3), 1.82 (m, 4H; CH2CH2N), 4.22 (t,
J=7.6 Hz, 4H; CH2N), 7.42 (m, 2H; aromatic H), 7.69 (m, 2H; aromatic
H), 7.90 (d, J=7.8 Hz, 2H; aromatic H), 8.03 (d, J=8.6 Hz, 2H; aromat-
ic H), 8.34 (d, J=7.8 Hz, 2H; aromatic H), 9.81 ppm (d, J=8.8 Hz, 2H;
aromatic H); 13C NMR (CDCl3): d =14.5 (CH3), 23.1 (CH2), 27.4 (CH2),
28.5 (CH2), 32.1 (CH2), 41.5 (CH2N), 115.9, 122.2, 124.0, 126.8, 127.2,
127.8, 129.1, 129.6, 130.6, 130.7, 131.2, 133.0, 134.0, 162.9 (C=O),
164.3 ppm (C=O); IR (KBr): ñ=3122 (w), 3045 (w), 2955 (m), 2929 (m),
2857 (m), 1685 (s, C=O), 1647 (s, C=O), 1583 (m, C=C), 1565 (s, C=C),
1539 (m, C=C), 1433 (m), 1420 (m), 1400 (w), 1386 (m), 1343 (m), 1325
(m), 1255 (w), 1236 (w), 1187 (w), 1112 (m), 883 (w), 812 (m), 773 (m),
728 (m), 574 cm�1 (m); UV/Vis (CHCl3): lmax (loge)=257 (4.790), 286
(4.593), 300 (4.651), 360 (sh) (3.649), 376 (3.652), 422 (3.836), 585 (sh)
(3.933), 639 (4.421), 696 nm (4.676); fluorescence (CHCl3): lmax=736 nm;
MS (70 eV): m/z (%): 660 (13), 659 (48), 658 (100) [M]+ , 642 (9), 641
(10) [M�OH]+ , 588 (4), 576 (8), 575 (19), 574 (8) [M�C6H12]


+ , 505 (7),
504 (11), 492 (8), 491 (16), 490 (17) [M�2C6H12]


+ , 446 (3), 445 (4), 432
(4), 421 (4), 420 (7), 419 (6), 375 (4), 374 (5), 373 (4), 349 (4), 348 (4),
174 (3); elemental analysis calcd (%) for C44H38N2O4: C 80.22, H 5.81, N
4.25; found: C 80.41, H 6.03, N 4.31.


Dimer 7 f : Solid 85% KOH (6.00 g, 90.0 mmol) and compound 6 f
(250 mg, 0.67 mmol) were allowed to react (225–235 8C) as described for


7c and further purified by column chromatography (silica gel, chloro-
form) and extracted with methanol until a colourless extract was given.
The product was obtained as an analytically pure, dark-green powder
(17.8 mg, 7%). M.p. 293–295 8C; Rf (silica gel; CHCl3)=0.32; Rf (silica
gel; CHCl3/1-butanol, 40:1)=0.75; 1H NMR (CDCl3): d=0.88 (t, J=


6.4 Hz, 6H; CH3), 1.36 (m, 24H; (CH2)6CH3), 1.83 (quintet, J=7.0 Hz,
4H; CH2CH2N), 4.24 (t, J=7.4 Hz, 4H; CH2N), 7.47 (m, 2H; aromatic
H), 7.72 (m, 2H; aromatic H), 7.98 (d, J=7.8 Hz, 2H; aromatic H), 8.11
(d, J=8.6 Hz, 2H; aromatic H), 8.40 (d, J=7.8 Hz, 2H; aromatic H),
9.84 ppm (d, J=8.9 Hz, 2H; aromatic H); 13C NMR (CDCl3): d =14.5
(CH3), 23.1 (CH2), 27.8 (CH2), 28.6 (CH2), 29.7 (CH2), 29.9 (CH2), 30.1
(CH2), 32.3 (CH2), 41.5 (CH2N), 116.0, 122.3, 124.1, 126.9, 127.3, 127.8,
129.1, 129.8, 130.7, 131.3, 133.1, 133.2, 134.1, 163.0 (C=O), 164.4 ppm (C=


O); IR (KBr): ñ=3122 (w), 3084 (w), 3040 (w), 2955 (m), 2923 (s), 2854
(s), 1687 (s, C=O), 1644 (s, C=O), 1583 (m, C=C), 1567 (s, C=C), 1538
(m, C=C), 1467 (m), 1433 (s), 1400 (m), 1388 (m), 1356 (m), 1341 (m),
1326 (m), 1278 (m), 1252 (m), 1234 (m), 1183 (w), 1154 (w), 1114 (s),
1077 (w), 880 (w), 812 (s), 772 (s), 725 (m), 655 (w), 637 (w), 573 cm�1


(w); UV/Vis (CHCl3): lmax (log e)=258 (4.783), 287 (4.582), 301 (4.633),
371 (sh) (3.660), 425 (3.834), 584 (sh) (3.905), 640 (4.404), 696 nm
(4.660); fluorescence (CHCl3): lmax=736 nm; MS (70 eV): m/z (%): 745
(3), 744 (15), 743 (58), 742 (100) [M]+ , 726 (5), 725 (10) [M�OH]+ , 630
(4), 629 (4), 618 (11), 617 (22), 616 (6) [M�C9H18]


+ , 599 (2), 505 (6), 504
(9), 503 (4), 493 (3), 492 (9), 491 (18), 490 (13) [M�2C9H18]


+ , 446 (3),
445 (3), 432 (4), 421 (4), 420 (7), 419 (5), 375 (3), 374 (4), 349 (3), 174
(4), 173 (5), 83 (3), 57 (3), 55 (6); elemental analysis calcd (%) for
C50H50N2O4: C 80.83, H 6.78, N 3.77; found: C 81.07, H 7.03, N 3.75.


Dimer 7g : Solid 85% KOH (10.25 g, 155.3 mmol) and compound 6g
(70 mg, 0.16 mmol) were allowed to react (238–240 8C, 1 h 50 min) as de-
scribed for 7c. The cold melt was cautiously dissolved in a 1:1:1 mixture
of water, methanol and ethanol and oxidised by a stream of air bubbles
(1 d). The precipitate was collected by vacuum filtration (D4 glass filter)
and dissolved in a mixture of petroleum ether and methanol. The green
phase of petroleum ether was collected, extracted with methanol, evapo-
rated and purified by column chromatography (silica gel, n-hexane/tolu-
ene, 1:1) to give the product as a bright-green, highly viscous oil (3.2 mg,
5%). Rf (silica gel; toluene/n-hexane, 1:1)=0.42; 1H NMR (CDCl3): d=


0.81 (t, J=7.0 Hz, 12H; CH3), 1.30 (m, 32H; (CH2)4CH3), 1.94 [m, 4H;
(CH2)CHN], 2.35 (m, 4H; (CH2)CHN), 5.33 (m, 2H; (CH2)2CHN), 7.79
(m, 2H; aromatic H), 7.90 (m, 2H; aromatic H), 8.55 (d, J=7.8 Hz, 2H;
aromatic H), 8.77 (d, J=8.9 Hz, 2H; aromatic H), 8.86 (d, J=7.8 Hz,
2H; aromatic H), 10.00 ppm (d, J=9.1 Hz, 2H; aromatic H); 13C NMR
(CDCl3): d=14.0 (CH3), 22.6 (CH2), 27.0 (CH2), 29.3 (CH2), 31.8 (CH2),
32.6 (CH2), 45.8 (NCHR2), 113.4, 124.7, 127.6, 127.8, 128.0, 128.8, 130.5,
130.8, 131.0, 132.8, 133.6, 134.5 ppm; IR (film): ñ=2955 (m), 2925 (s),
2856 (m), 1691 (s, C=O), 1652 (s, C=O), 1567 (m, C=C), 1539 (m, C=C),
1456 (w), 1421 (m), 1388 (w), 1377 (w), 1344 (w), 1323 (m), 1279 (w),
1227 (w), 1162 (w), 1117 (w), 884 (w), 813 (m), 774 (m), 730 (m),
668 cm�1 (w); UV/Vis (CHCl3): lmax=257, 286, 301, 364 (sh), 385 (sh),
423, 580 (sh), 638, 694 nm; fluorescence (CHCl3): lmax=729 nm; MS
(70 eV): m/z (%): 857 (5), 856 (21), 855 (64), 854 (100) [M]+ , 838 (3),
837 (4) [M�OH]+ , 769 (2), 675 (4), 674 (13), 673 (22), 672 (17)
[M�C13H26]


+ , 656 (3), 655 (4), 588 (3), 504 (4), 503 (6), 494 (3), 493 (11),
492 (33), 491 (55), 490 (57) [M�2C13H26]


+ , 489 (3), 475 (4), 474 (6), 473
(5), 446 (6), 445 (10), 444 (3), 421 (7), 420 (14), 419 (7), 375 (4), 374 (6),
373 (5), 349 (3), 173 (3), 167 (3), 149 (8), 125 (3), 111 (6), 97 (11), 83
(13), 71 (12), 69 (19), 57 (20), 56 (11), 55 (27); MS: m/z calcd for
C58H66N2O4: 854.5023; found: 854.5046.


Tests for the hydrolysis of dimers 7 and 8 : Test for the acid hydrolysis of
Aceanthrene Green (7a and 8a): Aceanthrene Green (7a and 8a,
160 mg, 0.33 mmol) was treated with concentrated sulfuric acid (30 mL),
heated with stirring at (120 8C, 3 h), allowed to cool, diluted with distilled
water (200 mL), collected by vacuum filtration (G5 glass filter), washed
with a small amount of distilled water and dried at 115 8C. TLC analysis
(silica gel, chloroform) indicated a complete decomposition of the start-
ing material (no green spot).


Test for alkaline hydrolysis of Aceanthrene Green (7a and 8a): Acean-
threne Green (7a and 8a, 170 mg, 0.35 mmol) was suspended in tert-butyl
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alcohol (50 mL) with heating, treated with 85% solid KOH (1.06 g,
16.0 mmol), heated at reflux for 2 h, hydrolysed by the addition of a 1:1
mixture of acetic acid and concentrated HCl, diluted to a volume of
100 mL with distilled water, collected by vacuum filtration (G4 glass
filter) and dried at 115 8C. The material proved to be identical to the
starting material according to IR, MS and UV/Vis spectroscopic analyses.


Test for the N-alkylation of the Aceanthrene Green (7a and 8a): Acean-
threne Green (7a and 8a, 110 mg, 0.22 mmol), potassium carbonate
(1.00 g, 5.64 mmol) and 1-bromoheptane (1.06 mL, 6.72 mmol) were
heated at reflux in anhydrous DMF (10 mL) for 24 h. The mixture was al-
lowed to cool, poured into distilled water (10 mL), acidified with 2n


HCl, stirred for 45 min and collected by vacuum filtration. Only traces of
an emerald-green material could be detected (Rf (silica gel; CHCl3)=


0.47). More than 14 byproducts were detected.


Reaction of dimers 7 with alkali : Reaction of 7 with KOH in tert-butyl al-
cohol : Dimers 7b–e (3 mg, ca. 0.05 mmol) under argon was dispersed in
tert-butyl alcohol (60 mL), heated at reflux for 2 h, treated with 85%
solid KOH (1.00 g, 15.2 mmol; spontaneous colour change from green to
violet), heated at reflux for a further 50 min, quenched by acidification
with a mixture of acetic acid/2n HCl (2:1), collected by vacuum filtration
(G4 glass filter), washed with distilled water and dried at 115 8C in air.
The unchanged starting material was obtained in all cases according to
IR, TLC and MS analyses.


Reaction of 7 with KOH in tert-butyl alcohol/DMSO : Dimers 7b–e
(100 mg, ca. 0.16 mmol) was dispersed in a mixture of DMSO (15 mL)
and tert-butanol (15 mL) under argon. The mixture was heated at reflux
for 2 h, treated with 85% solid KOH (120 mg, 1.82 mmol; spontaneous
colour change from dark-green to violet), and further treated as was de-
scribed before. The unchanged starting material was obtained in all cases
according to IR, TLC and MS analyses.


Methylation of the violet intermediate of the reaction of 7d with KOH
in tert-butyl alcohol/DMSO to form 9d : Dimer 7d (160 mg, 0.25 mmol)
was dissolved in a mixture of DMSO (25 mL) and tert-butyl alcohol
(25 mL) at 130 8C (bath temperature), treated with 85% solid KOH
(170 mg, 2.57 mmol; spontaneous colour change from dark-green to
violet), heated at reflux for 1 h, evaporated in vacuo, treated with iodo-
methane (13 mL, 208 mmol), stirred at room temperature for 16 h,
evaporated (reddish-brown residue), evaporated in vacuo and purified by
flash chromatography (silica gel, chloroform). The product was obtained
as bright-orange crystals with a strong solid-state fluorescence (14 mg,
9%). M.p. 132–135 8C; Rf (silica gel; CHCl3)=0.65; 1H NMR (CDCl3):
d=0.90 (t, J=6.9 Hz, 6H; CH3), 1.37 (m, 8H; (CH2)2), 1.66 (m, 4H;
CH2CH2N), 1.72 (s, 6H; CH3), 4.03 (m, 4H; CH2N), 7.19 (d, J=7.9 Hz,
2H; aromatic H), 7.59 (dt, Jt=7.4, Jd=1.3 Hz, 2H; aromatic H), 7.71 (m,
2H; aromatic H), 7.79 (dd, J1=7.7, J2=1.5 Hz, 2H; aromatic H), 8.14 (d,
J=7.7 Hz, 2H; aromatic H), 8.75 ppm (dd, J1=8.2, J2=1.0 Hz, 2H; aro-
matic H); 13C NMR (CDCl3): d =14.0 (CH3), 22.4 (CH2), 27.8 (CH2), 29.2
(CH2), 40.7 (CH3), 41.7 (CH2N), 45.3 (Cq), 122.6 (CH), 124.3, 125.0, 128.0
(CH), 129.3 (CH), 130.4 (CH), 130.6 (CH), 130.7 (CH), 133.8, 134.8,
137.6, 144.4, 163.5 (C=O), 174.0 ppm (C=O); IR (KBr): ñ=2958 (m),
2929 (m), 2859 (w), 1723 (s, C=O), 1678 (s, C=O), 1626 (m, C=C), 1449
(m), 1432 (m), 1386 (m), 1360 (s), 1334 (m), 1291 (w), 1258 (w), 1229
(w), 1207 (w), 1178 (w), 1107 (m), 1079 (w), 851 (w), 766 (m), 745 cm�1;
UV/Vis (CHCl3): lmax (loge)=256 (4.504), 267 (sh) (4.495), 351 (3.802),
378 (sh) (3.436), 447 (2.433), 474 nm (2.509); fluorescence (CHCl3): lmax
(Irel)=511 (sh) (0.80), 543 nm (1); fluorescence quantum yield (CHCl3,
reference perylene-3,4,9,10-tetracarboxylic tetramethyl ester[17] with F=


100%): 27%; solid-state fluorescence: lmax (Irel)=555 (1), 584 nm (sh)
(0.83); MS (70 eV): m/z (%): 662 (13), 661 (46), 660 (92) [M]+ , 647 (11),
646 (46), 645 (100) [M�CH3]


+, 631 (6), 630 (13), 548 (6), 547 (14)
[M�C5H11NCO]


+ , 534 (6), 533 (26), 532 (65) [M�C5H11NCO�CH3]
+ ,


505 (8), 504 (19) [532�CO]+ , 435 (13), 434 (14) [M�2C5H11NCO]
+ , 363


(6), 217 (49) [434�217]+ , 189 (27), 182 (20), 181 (16); MS: m/z calcd for
C44H40N2O4: 660.2988; found: 660.2991; elemental analysis calcd (%) for
C44H40N2O4: C 79.98, H 6.10; found: C 76.84, H 6.17.


Methylation of the violet intermediate of the reaction of 7d with KOH
in DMSO to form 9d : Dimer 7d (160 mg, 0.25 mmol) under argon was
heated at reflux in DMSO (25 mL) for 1 h (complete dissolution), treated


with 85% solid KOH (170 mg, 2.57 mmol, colour change from green to
violet), stirred for further 10 min (bath temperature 150 8C), evaporated
in vacuo, treated with iodomethane (13 mL, 208 mmol), allowed to stand
for 24 h and purified by flash chromatography (silica gel, chloroform).
The TLC Rf value and the mass spectrum of the orange red material ob-
tained were identical to the above mentioned reaction in tert-butyl alco-
hol/DMSO. For further characterisation see above.
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Introduction


The development of methods for the efficient and enantio-
selective functionalization of alkenes by transition-metal-
mediated oxygen transfer is an area of intense research,[1,2]


and reactions such as the dihydroxylation and epoxidation
of unfunctionalized alkenes have had a tremendous impact,
specifically in the field of asymmetric synthesis.[3–5] Despite
the importance of aziridines in organic synthesis and as bio-
logically active natural products, the aziridination reaction
catalyzed by transition metals has been less exploited.[6–9]


There is increasing interest in aziridine synthesis in recent
years, and the most promising route is the transition-metal-
mediated addition of nitrenes to olefins.[10] Although there


are examples of very efficient systems based on ruthenium
porphyrine and manganese porphyrine complexes,[11, 12]


copper catalysts are often superior to other systems
(Scheme 1),[13,14] and [N-(p-toluenesulfonyl)imino]phenyl-
ACHTUNGTRENNUNGiodinane (PhINTs)[15] is the most frequently used but expen-
sive nitrene source. Others, like chloroamine T,[16] are cheap-
er but less reactive.


A number of mechanistic details of the transition-metal-
assisted aziridination reaction are still unclear, and, depen-
dent on the catalyst, there might be different pathways.
Hammett structure–reactivity studies on some copper cata-
lysts have been reported, which support the involvement of
a radical intermediate,[17,18] but other systems do not.[19–22]


All attempts to trap and characterize radical intermediates


Abstract: Experimental and DFT-
based computational results on the
aziridination mechanism and the cata-
lytic activity of (bispidine)copper(I)
and -copper(II) complexes are reported
and discussed (bispidine= tetra- or
pentadentate 3,7-diazabicyclo ACHTUNGTRENNUNG[3.1.1]-
ACHTUNGTRENNUNGnon ACHTUNGTRENNUNGane derivative with two or three ar-
omatic N donors in addition to the two
tertiary amines). There is a correlation
between the redox potential of the
copper ACHTUNGTRENNUNG(II/I) couple and the activity of
the catalyst. The most active catalyst
studied, which has the most positive


redox potential among all (bispidine)-
copper(II) complexes, performs 180
turnovers in 30 min. A detailed hybrid
density functional theory (DFT) study
provides insight into the structure, spin
state, and stability of reactive inter-
mediates and transition states, the oxi-
dation state of the copper center, and


the denticity of the nitrene source.
Among the possible pathways for the
formation of the aziridine product, the
stepwise formation of the two N�C
bonds is shown to be preferred, which
also follows from experimental results.
Although the triplet state of the cata-
lytically active copper nitrene is lowest
in energy, the two possible spin states
of the radical intermediate are practi-
cally degenerate, and there is a spin
crossover at this stage because the trip-
let energy barrier to the singlet product
is exceedingly high.
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Scheme 1. The copper-catalyzed aziridination reaction of styrene. Tos=p-
toluenesulfonyl.
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have failed so far,[14, 23] and there is no common mechanistic
model that can account for the multitude of experimental
observations and computational data. Experimental and
computational results support the idea of a discrete nitrene
intermediate and, with copper(I) as the catalytically active
species, the formation of a copper(I) nitrene or an
imidocopper ACHTUNGTRENNUNG(III) complex have been proposed.[18] However,
copper(II) nitrene complexes and the activation of the ni-
trene source without electron transfer have been suggested
as alternatives.[24] Often, the copper catalysts can be used in
their +1 or +2 oxidation states.[14] If copper(II) is used, it
was proposed to be reduced by PhINTs in the first step of


the catalytic cycle.[18] Therefore, the redox potential of the
copper(II) precatalyst may be correlated with the reactivity.


The copper catalysts discussed herein are based on tetra-
and pentadentate bispidine ligands (3,7-diazabicycloACHTUNGTRENNUNG[3.3.1]-
ACHTUNGTRENNUNGnonane derivatives, see Scheme 2). The extremely rigid
ligand backbone and the moderate elasticity of the coordi-
nation geometry (which imply a flat potential-energy surface
with steep walls),[25,26] together with a high complementarity
of the ligands towards various metal ions, copper(II) in par-
ticular,[26,27] lead to outstanding properties of transition-
metal bispidine complexes.[21] Based on a variety of aromatic
N donors that are substituted to the bispidine backbone, a


Scheme 2. Bispidine ligand structures.
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range of copper(II) complexes with similar structures but
strikingly different properties, for example, redox potentials,
is available.[22] This series of complexes, together with some
new derivatives, is used in the experimental part of this
study to more thoroughly understand the (bispidine)copper-
catalyzed aziridination reaction. The experimentally deter-
mined reactivities are supported by hybrid density function-
al theory (DFT) calculations.


Previous DFT calculations were performed on simple
model systems with bi- and tetradentate ligand sys-
tems.[18,20,28] These results, together with the electronic and
structural properties of some intermediates, provide impor-
tant information about possible pathways but are not unam-
biguous and not necessarily relevant for our systems. With
the tetradentate bispidine ligands, the addition of PhINTs
may lead to a penta- or hexacoordinate intermediate
(mono- or bidentate coordination mode of PhINTs), and the
copper-catalyzed aziridination reaction may involve the con-
certed addition of the nitrene or proceed via a stepwise
pathway with a radical intermediate. It therefore seemed ap-
propriate to perform a detailed computational study to sup-
port our experimental data and to develop a model that
might help to further improve the performance of the (bispi-
dine)copper(II)-catalyzed aziridination reaction.


Results and Discussion


Syntheses, structures and solution properties of the (bispidi-
ne)copper(II) complexes : All tetra- and pentadentate bispi-
dine ligands were prepared, according to a general proce-
dure, by two consecutive Mannich reactions,[21,29] and the
syntheses of L1, L5, L8, and L10 have been published else-
where (see Schemes S1–S3 in the Supporting Information
for details of the ligand syntheses).[23,30] L7 and L11 as well as
the corresponding piperidone precursor pL7 were obtained
in acceptable yields from commercially available reactants.
The amine component for L9 and L12, 2-(aminomethyl)qui-
noline, was prepared in two
steps from 2-quinolinecarbalde-
hyde in 50% overall yield.[31]


For the other new bispidines,
the aldehyde components were
not commercially available and
different routes were used for
their syntheses. 5-Methyl-2-pyr-
idinecarbaldehyde for pL2 and
5-bromo-2-pyridinecarbalde-
hyde for pL4 were obtained
through direct Br–Li ex-
change,[32] followed by a nucleo-
philic substitution with N,N-di-
methylformamide (DMF). The
N-oxide rearrangement route[33]


was used for 5-methoxy-2-pyri-
dinecarbaldehyde for pL3, and
for pL6, the 7-chloro-2-quinoli-


necarbaldehyde was synthesized from 2-methyl-7-chloroqui-
noline by SeO2 oxidation.


[34] The copper(II) complexes of all
ligands were obtained from equimolar amounts of a cop-
per(II) salt and the ligand in acetonitrile under argon, fol-
lowed by ether diffusion into the product solution to induce
crystallization.


Crystals of X-ray quality were obtained for many of the
complexes. Structural data, also including published struc-
tures,[23,25,30, 35–37] are listed in Table 1, and the structural plots
of the copper(II) complexes with the new ligands appear in
Figure 1. With (bispidine)copper(II) complexes, isomers
with Jahn–Teller-type elongations along one of the three
axes (N7-Cu-Xax, N3-Cu-Xeq, Ar1-Cu-Ar2) have been ob-
served, and the stabilization of a particular geometry has
been found to be a subtle combination of ligand-induced
steric strain and electronic effects owing to the bispidine
and the co-ligands.[21,36–38] The most commonly observed
elongation is along the N7-Cu-Xax axis, and for the tetraden-
tate ligands, this geometry can be destabilized with sterically
demanding substituents at the ortho position of the aromatic
N donors (L5, L6, L7).[36] Although there still is the usual
elongation along N7�Cu with the “sterically innocent”
mono ACHTUNGTRENNUNGdentate co-ligand acetonitrile in combination with the
methylated ligand L5 or the less sterically demanding quino-
line donors in L6, larger co-ligands such as Cl� ions lead to a
partially quenched Jahn–Teller elongation along N3�Cu
and, with the chelating NO3


� ions, longer bonds to the aro-
matic donors are observed with L5. With the large Br sub-
stituents of L7, the latter type of structure is already ob-
served with acetonitrile as the co-ligand. Similar trends are
seen with the pentadentate ligands. The unsubstituted bispi-
dine L10 induces two nearly degenerate minima that are sim-
ilar to L5 in the group of the tetradentate ligand in which
the three possible isomeric structures are close in energy.
Although, in general, there are three possible minima each
with similar energy, their structures and therefore their
properties (spectroscopic, electrochemical, reactivity) are


Table 1. Selected structural parameters of (bispidine)copper(II) complexes.[a]


Ligand Co-ligand(s)
X,Y (trans-N3, trans-N7)


Cu�N3
[O]


Cu�N7
[O]


Cu�NAr1


[O]
Cu�NAr2


[O]
Cu�X
[O]


Cu�Y
[O]


C-N3-C
[8]


L1 [23] NCCH3, OSO2CF3
� 2.022(2) 2.355(2) 1.993(2) 1.998(2) 1.980(2) 2.608(2) 116.548


L1 [25] NO3
� bidentate 1.999(1) 2.280(1) 1.999(1) 1.999(1) 1.976(1) 2.613(1) 117.727


L1 [35] Cl�, – 2.042(3) 2.272(3) 2.020(3) 2.024(3) 2.232(1) – 119.007
L2 NCCH3, – 2.007(1) 2.244(1) 1.992(1) 2.007(1) 1.966(1) – 118.150
L4 NCCH3, BF4


� 2.010(5) 2.257(5) 2.022(5) 2.020(5) 1.957(5) 2.724(5) 117.610
L5 [23] NCCH3, BF4


� 2.004(4) 2.376(4) 2.052(4) 2.075(4) 1.950(5) 2.911(4) 117.688
L5 [23] –, Cl� 2.147(3) 2.120(3) 2.061(3) 2.064(3) – 2.221(2) 119.630
L5 [36] NO3


� bidentate 1.987(2) 2.032(2) 2.377(2) 2.376(2) 1.982(2) 2.139(2) 114.642
L6 NCCH3, NCCH3 1.987(1) 2.370(2) 2.124(1) 2.090(1) 1.967(2) 2.634(2) 116.700
L7 NCCH3, NCCH3/OH2 2.050(4) 2.103(4) 2.441(4) 2.394(4) 1.985(5) 2.051(4)[b] 112.100
L8 [30] Py, Cl� 2.036(2) 2.368(2) 2.028(2) 2.029(2) 2.029(2) 2.717(1) 117.160
L10 [37] NCCH3, Py 2.105(2) 2.106(2) 2.260(2) 2.353(2) 2.015(2) 2.027(2) 116.310
L10 [37] H2O, Py 2.058(3) 2.082(3) 2.472(3) 2.330(3) 1.972(3) 2.038(3) 113.970
L10 [37] Cl�, Py 2.070(2) 2.478(2) 2.011(2) 1.987(2) 2.255(1) 2.544(2) 117.420
L12 q, NCCH3 2.122(2) 2.014(2) 2.288(2) 2.931(2) 2.108(2) 1.988(3) 111.100


[a] The bold numbers denote elongated bonds. [b] Cu�N and Cu�O.
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strikingly different. This has been observed and analyzed for
L5 and L10.[36,37]


An interesting possibility emerging from these observa-
tions is to tune the electronic and, specifically, the electro-
chemical properties. That is, the destabilization of the preor-
ganized “Jahn–Teller isomer” with an N7-Cu-Xax elongation
is the design principle used herein for the optimization of
the aziridination reactivity (see the Introduction). A reduc-
tion of the Jahn–Teller stabilization energy by partial
quenching of the elongation leads to a destabilization of the
+2 oxidation state and therefore to the required increase of
the redox potential. This assumption is supported by the cor-
responding stability constants and redox potentials.[21, 27] The
spectroscopic and electrochemical data of the copper(II)
complexes of L1–L12, summarized in Table 2, are therefore


of particular interest and will
also be compared to the aziridi-
nation activities (see below).
There is a rough correlation of
the redox potentials with the
(expected and observed) struc-
tural parameters (see also the
computational section below).
That is, for the copper(II) com-
plexes of the tetradentate li-
gands L5, L6, and L7, the struc-
tures with an elongation along
the N7-Cu-Xax axis are destabi-
lized and they therefore have
the highest redox potentials
(the least stable copper(II)
complexes). The dd transitions
and spin Hamiltonian parame-
ters (in particular Ak) also
follow this trend.[40] However,
from the data, it also emerges
that there are various effects
that contribute to the structural
and electronic properties.[41]


Similar trends are observed for
the complexes of the pentaden-
tate ligands L8 to L12. Note that,
in general, the complexes with
the pentadentate ligands lead
to more stable copper(II) com-
plexes, which also follows from
the redox potentials. However,
of particular interest is the com-
parison of the complexes of the
two isomeric ligands L8 and L10


in which the spectroscopic and
eletrochemical data suggest that
there is a significant difference
between the two isomers. This
is also in agreement with the


Figure 1. ORTEP plots of the new experimental structures of (bispidine)copper(II) complexes (ellipses shown
at the 50% probability level); hydrogen atoms and counter ions are omitted for clarity.


Table 2. Spectroscopic and electrochemical data of (bispidine)copper(II)
complexes


Ligand dd transitions Redox potential EPR data (DMF/H2O 3:2)
in MeCN
[nm]


in MeCN
vs. AgNO3 [mV]


gk g? Ak


L1 630 �413 2.245 2.072 172
L2 624 �410 2.260 2.054 171
L3 627 �387 2.260 2.056 173
L4 633 �272 2.268 2.060 171
L5 700 �94 2.245 2.085 165
L6 735 +17 – – –
L7 660 +53 2.305 2.065 156
L8 625 �603 2.230 2.075 175
L9 630 �552 2.198 2.042 173
L10 665 �489 2.250 2.080 165
L11 642 �389 2.258 2.055 168
L12 632 �35 2.288 2.060 150
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complex stabilities, and these have been discussed on the
basis of structural features enforced by the ligands and the
complementarity of the ligands with respect to copper(II).[27]


Aziridination experiments : The results of the (bispidine)-
copper(II)-catalyzed aziridination of styrene are listed in
Table 3. The reactions were all performed in dry acetonitrile
(2 mL; 8.7 mmol of styrene) and generally at 25 8C. The cat-
alyst/PhINTs/substrate ratio was 0.05:1:22 in most experi-
ments. PhINTs is not soluble in acetonitrile and the reaction
was considered to be finished when a clear solution was ob-
served. Therefore, the reaction time, which was varied for
different catalysts, is considered to be a measure of the reac-
tivity of the catalysts. The yield of the aziridine product was
determined by 1H NMR spectroscopy with anthrone as the
internal standard. This is considered to be a more precise
method than the often-used technique of product isolation
followed by a gravimetric analysis.[42] All reactions were car-
ried out in dry solvents and under an inert atmosphere. For
those reactions labeled specifically as “water-free”, the com-
plexes used were thoroughly dried.[43]


From the data, it emerges that there is a correlation be-
tween the redox potential of the (bispidine)copper(II) com-
plexes and their efficiency as aziridination catalysts (see
Tables 2 (redox potential) and 3 (reaction time)), and this is,
in contrast with an earlier interpretation,[30] independent of
the denticity of the bispidine used in the catalyst. The
amount of product obtained (percentage yield or turn-over
number) strongly depends on the reaction conditions and


the particular ligand used. We assume that the reduced
yields in some cases are due to cleavage of PhINTs into tos-
ACHTUNGTRENNUNGyl ACHTUNGTRENNUNGamide and phenyl iodide, a reaction that is known to be
catalyzed by copper(I).[13] Clearly, the rate ratio of the two
reactions (aziridine formation vs. PhINTs degradation) de-
pends on the catalyst. The side reaction may be suppressed
to some extent under strictly water-free conditions as water
serves as a proton source for the copper(I)-catalyzed cleav-
age of PhINTs.


[(L7)Cu ACHTUNGTRENNUNG(NCCH3)2] ACHTUNGTRENNUNG(OTf)2 (OTf= triflate) is found to be
the most active catalyst (reaction time). For this complex,
we therefore studied the temperature dependence and
varied the relative amounts of substrate and catalyst
(Table 3, entries 8–10, 11–13, 14–17). The reaction is acceler-
ated with increasing temperature. No significant effect is ob-
served with respect to the yield, that is, the cleavage of
PhINTs may not be suppressed at higher or lower tempera-
tures. A reduction of the excess of styrene to five equiva-
lents does not change the yield of aziridination product, but
the further reduction to a stoichiometric amount relative to
PhINTs substantially reduces the yield, even after a very
long reaction time. This indicates that the substrate may be
involved in the rate-determining step of the catalytic cycle.
A reduction in the amount of catalyst by a factor of 10 (0.5
vs. 5 mol%) does not significantly reduce the yield (but in-
creases the turnover number). With a lower catalyst loading
(0.1 mol%), the reaction gets much slower and full conver-
sion of the PhINTs is not observed any more. Compared
with recently published systems,[24,44] the (bispidine)cop-


per(II) complexes, in particular
[(L7)Cu ACHTUNGTRENNUNG(NCCH3)2]


2+ , are, under
standard conditions, excellent
aziridination catalysts for sty-
rene.


The high activity of the L7-
based (bispidine)copper(II)
com ACHTUNGTRENNUNGplex is based on the most
positive redox potential ob-
served so far for (bispidine)cop-
per(II) complexes. This appears
to be a combination of the
ligand-enforced geometry and
electronic effects: 1) the steri-
cally demanding Br atoms in
the ortho position to the pyri-
dine N-donor atoms prevent
the coordination of co-ligands
in the trans position to N3 with
the expected usual Cu�NPy dis-
tance of around 2.0 O; 2) the
electron-withdrawing effect of
the bromine substituents leads
to a weakening of the nitrogen
donors; therefore, the preferred
elongation is along the Ar1-Cu-
Ar2 axis, and coordination of
substrates trans to N3 is then


Table 3. Aziridination of styrene with (bispidine)copper(II) complexes.


Entry Ligand Denticity T
[8C]


Equiv styrene
(vs. PhINTs)


mol% cat.
(vs. PhINTs)


Reaction
time [h]


Yield
[%]


TON[a]


1[b] L1 4 25 22 5 7 38.5 (73.0) 7.7 (14.6)
2 L2 4 25 22 5 7 4.0 0.8
3 L3 4 25 22 5 7 38.5 7.7
4 L4 4 25 22 5 2 59.0 11.8
5[b] L5 4 25 22 5 2 35.0 (51.5) 7.0 (10.3)
6 L6 4 25 22 5 2 55.5 11.1
7[b] L7 4 25 22 5 0.5 80.5 (94.0) 16.1 (18.8)
8[c] L7 4 50 22 5 0.1 91.0 18.2
9[c] L7 4 25 22 5 0.5 94.0 18.8
10[c] L7 4 0 22 5 1.5 93.0 18.6
11[c] L7 4 25 22 5 0.5 94.0 18.8
12[c] L7 4 25 5 5 0.5 90.5 18.1
13[c,d] L7 4 25 1 5 24 46.0 9.2
14[c] L7 4 25 22 5 0.5 94.0 18.8
15[c] L7 4 25 22 1 0.5 94.0 94
16[c] L7 4 25 22 0.5 0.5 90.0 180
17[c,d] L7 4 25 22 0.1 24 27.5 270
18[b,d] [30] L8 5 25 22 5 7 0 (1.0) 0 (0.2)
19 L9 5 25 22 5 7 63.0 12.6
20[b,d] [30] L10 5 25 22 5 7 0 (9.0) 0 (1.8)
21 L11 5 25 22 5 7 60.5 12.1
22[b] L12 5 25 22 5 2 68.5 (74.5) 13.7 (14.9)
23[c] L5 4 25 22 100 1 90.2 0.9
24[c,e] L5 4 25 22 5 24 3.5/7.5 0.70/1.50
25[c,e] L7 4 25 22 5 5 3.8/4.2 0.76/0.84


[a] TON=n ACHTUNGTRENNUNG(product)/n ACHTUNGTRENNUNG(catalyst). [b] Yields for absolutely water-free conditions shown in parentheses.
[c] Water-free conditions. [d] Incomplete conversion. [e] reaction with cis-b-methylstyrene; yields and TON of
cis/trans product
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less hindered; 3) the reduced nucleophilicity of the Br-sub-
stituted pyridine donors leads to a reduced ligand field and
therefore to a destabilization of the copper(II) oxidation
state.


The reduction of the copper(II) precatalyst by PhINTs
might occur by an inner- or an outer-sphere process. To
probe this experimentally, a stoichiometric reaction (cata-
lyst/PhINTs=1:1) was performed with one of the copper(II)
precatalysts. This experiment with [(L5)Cu ACHTUNGTRENNUNG(NCCH3)] ACHTUNGTRENNUNG(OTf)2
shows a fast conversion (clear solution after 10 min) with a
high yield (around 90%, see Table 3, entry 23). This indi-
cates that the reduction of the copper(II) atom to the active
copper(I) species by PhINTs is an inner-sphere process; in
the case of an outer-sphere reduction, the nitrene source
would be deactivated and this would lead to very small
yields. To further probe the reaction mechanism, the catalyt-
ic aziridination of cis-b-methylstyrene was studied with
[(L5)Cu ACHTUNGTRENNUNG(NCCH3)] ACHTUNGTRENNUNG(OTf)2 and [(L7)Cu ACHTUNGTRENNUNG(NCCH3)2]ACHTUNGTRENNUNG(OTf)2. In
both reactions, a mixture of cis and trans products was ob-
served (see Table 3, entries 24 and 25). This is typical for a
radical mechanism in which the two C�N bonds are formed
in a stepwise and not in a concerted process.


In contrast with all other bispidine catalysts, within the
first few seconds after the addition of PhINTs, the reduction
of [(L7)Cu ACHTUNGTRENNUNG(NCCH3)2]


2+ can be visually observed by a color


change of the reaction mixture from light blue to yellow
green. In situ UV/Vis spectroscopy shows a reduction of the
copper(II) dd transitions and, in addition, a new charge-
transfer band at 308 nm is observed. This differs from the
spectrum of [(L7)Cu ACHTUNGTRENNUNG(NCCH3)]


+ , which has a charge-transfer
transition at 340 nm. The UV/Vis spectrum of a mixture of
[(L7)Cu ACHTUNGTRENNUNG(NCCH3)]


+ and PhINTs has, as expected, the same
band at 308 nm. This indicates that PhINTs is coordinated
to {(L7)Cu}+ to form the active nitrene species, and it sup-
ports the postulated inner-sphere reduction of the copper(II)
precatalyst by PhINTs. For steric reasons, the coordination
of PhINTs is assumed to occur trans to N7 (see above).


The electronic structure of copper ACHTUNGTRENNUNG(III) nitrenes : Our com-
putational studies are primarily based on copper complexes
with L5, which was the most active catalyst in the prelimina-
ry studies,[30] and has a significant reactivity among the sys-
tems presented herein. Based on our experimental (see
above) and published theoretical observations,[18,20, 30]


Scheme 3 was adopted for the DFT calculations. In the ini-
tial step, the {(L5)CuI} catalyst reacts with PhINTS to form
an {(L5)CuI-PhINTs} complex. Homolytic cleavage of the
N�I bond produces the nitrene {(L5)CuI-NTs}. There is ex-
perimental evidence that copper ACHTUNGTRENNUNG(III) nitrenes are the cata-
lytically active species in various copper-catalyzed aziridina-


Scheme 3. Mechanistic pathways of the copper(I)-catalyzed aziridination reaction.
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tion reactions.[45–47] Therefore, we first focus on the electron-
ic structure and energetics of the nitrene complexes.


With the tetradentate ligand L5-based system, there are
two possible coordination modes, mono- and bidentate. De-
pending on the catalyst, both modes are possible. With the
tetradentate bispidine complexes, there are two isomers
each for the mono- and bidentate coordination modes (see
Scheme 3), and we have computed all possible isomers and
compared their energies. For the monodentate coordination
mode, the substrate-trans-to-N7 isomer is, as expected for
steric reasons, more stable, and therefore, we have only con-
sidered this trans-N7 isomer with a monodentate nitrene
(see Scheme 3, 1,3Cmono). For the bidentate coordination
mode, the two isomers (nitrene-trans-to-N3 (1,3CN3); nitrene-
trans-to-N7 (1,3CN7)) have similar stabilities.


There are two possible spin states, a triplet and a singlet,
and both have been computed for all isomers considered. In
all cases, the triplet is found to be the ground state. The un-
paired electrons in the 3Cmono structure are orthogonal to
each other, that is, the triplet state is stabilized by exchange
coupling. The energy gap to the corresponding singlet state
is 13.5 kJmol�1. The 3CN3 isomer is higher in energy with a
margin of 19.0 kJmol�1, and the 3CN7 isomer lies at
22.3 kJmol�1. The DFT-optimized structures of the three
triplet nitrene species are shown in Figure 2, and selected
structural parameters and energies for both spin states are
given in Table 4. The 1,3Cmono complexes are distorted trigo-
nal bipyramidal (N3-Cu-Nnitrene=124.28) with a Cu�Nnitrene


distance of 1.919 O in the triplet and 1.931 O in the singlet


state. These bonds are slightly longer than that in a (m-NAr)-
dicopper(II) complex (1.794 and 1.808 O)[46] but in the range
of those computed in other similar studies.[18,20] The opti-
mized bond lengths involving the copper bispidine fragment
are in the expected range (see Table 4).[21] The geometries
of the 1,3CN3 and


1,3CN7 isomers are distorted octahedral, and
one of the “axial” pyridine bonds each is strongly elongated
(3.14 and 3.19 O in the triplet states). The Cu�Nnitrene distan-
ces in the 3CN3 and 3CN7 isomers are 1.95 and 1.97 O, and
those in the corresponding singlet states are slightly shorter
with 1.89 and 1.90 O, respectively.


The spin density plots for 3Cmono,
3CN3, and


3CN7 are given
in Figure 2. The unpaired electron on the nitrene nitrogen
atom is delocalized to the dx2�y2 orbital of the copper center,
that is, the bonding in the triplet state may be described as
CuII�NC. In the singlet state, the unpaired electrons on
copper and nitrogen are antiferromagnetically coupled. A
second singlet state, which may be described as CuIII=N has
much higher energies (111.5, 19.6, and 17.9 kJmol�1 for
Cmono, CN3, and CN7, respectively). The corresponding wave-
function stability tests reveal an internal instability with re-
spect to the open-shell singlet described above. Therefore,
the corresponding spin surface is ignored for the further
studies.
The aziridination reaction mechanism : Our experimental


results suggest that the copper(II) complexes are less reac-
tive than the copper(I) catalysts.[30] Moreover, as indicated
above (see Table 2 and 3), the aziridination reactivities are
correlated with the redox potentials of the catalysts in which


Figure 2. DFT-optimized structures and computed spin density plots of a) 3Cmono, b)
3CN3, and c) 3CN7 with L5 (see Scheme 3; Nnit=Nnitrene).
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the most active (bispidine)copper complexes have the least
negative reduction potentials (Figure 3). As reported previ-
ously[30] and supported by our experiments, it is assumed
that the copper(II) PhINTS precursors undergo innersphere
electron transfer in which the N�I bond cleaves homolyti-
cally to produce PhI+ C and the copper(I) catalyst.


The initial step in the catalytic cycle therefore is coordina-
tion of PhINTs to the (bispidine)copper(I) complex. The
formation of the three possible isomers 1Bmono,


1BN3, and
1BN7 is exothermic with reaction energies of 28.8, 29.5, and
28.3 kJmol�1, respectively. The Cu�Nnitrene distances are
shorter than in the corresponding copper nitrenes (1.89,
1.87, 1.88 O in 1Bmono,


1BN3,
1BN7, respectively), and the N�


IPh bonds are elongated from 2.02 O in PhINTs to 3.89,
3.34, and 3.39 O in 1Bmono,


1BN3,
1BN7 (plots of the optimized


structures are given in the Supporting Information). An at-
tempt to add ethylene as a substrate to these intermediates


results in the cleavage of the N�I bonds. That is, the forma-
tion of the nitrene intermediate is a nearly barrierless reac-
tion and a Lewis acid mechanism can therefore be excluded.
Similar observations emerge from other computational and
also from experimental studies.[18,45] The homolytic cleavage
of the N=I bond produces the nitrenes C and PhI. The
mono ACHTUNGTRENNUNGdentate isomer 3Cmono is the lowest in energy; in the
precursor 1B, the three isomers are nearly degenerate and
the lowest-energy path is from 1BN3 to


3Cmono with a reaction
energy of �68.4 kJmol�1.


There are two pathways for the addition of an olefin to
1,3C to produce the aziridine product complex, that is, step-
wise (radical intermediate) or concerted (symmetric transi-
tion state). Relaxed potential-energy scans at BS1 (type of
basis set, see the Experimental Section) were used to find
transition states in both pathways (variation of the C�N dis-
tances from 2.7 to 1.7 O with a step size of 0.1 O; the corre-


sponding plots are given in the
Supporting Information).


Starting with the pentacoor-
dinate isomers 1,3Cmono, there is
an isomerization to the corre-
sponding 1,3CN3 isomers along
the reaction coordinate. The
energy difference between the
nitrenes 1,3Cmono and 1,3CN3 iso-
mers is only 19.0 and
16.9 kJmol�1 on the triplet and
singlet surfaces, respectively,
and the energy barrier for rota-
tion around the Nnitrene�S single
bond is low. We therefore only
consider the trans-N3 isomer
surfaces.


A concerted mechanism on
the triplet spin surface is un-
likely owing to the required
electronic reorganization (see
Figure 4). It therefore is not un-
expected that optimization of


Table 4. Selected B3LYP-computed structural parameters of the reactants, intermediates, and products in the aziridination mechanism of the CuIL5


catalyst.
1A+PhINTS 1B 1Cmono


3Cmono
1CN3


3CN3
1CN7


3CN7
1ts II 3ts II 1int I 3int I 1ts III 3ts III 1D


energy [kJmol�1] 0.0 �28.8 �84.3 �97.9 �67.5 �78.9 �65.6 �75.6 27.6 14.2 �73.0 �71.5 �34.7 41.2 155.7
bond lengths [O]
Cu�N7 2.119 2.013 2.197 2.193 2.024 2.075 2.046 2.067 2.050 2.056 2.071 2.072 2.0798 2.088 2.074
Cu�N3 2.199 2.020 2.190 2.198 2.020 2.054 2.007 2.058 2.084 2.091 2.055 2.055 2.105 2.109 2.149
Cu�NPy1 1.950 2.579 2.087 2.089 2.965 2.268 3.045 2.284 2.565 2.632 3.060 3.062 2.362 2.944 3.612
Cu�NPy2 1.950 2.949 2.087 2.089 2.515 3.143 2.461 3.199 2.850 2.910 2.423 2.425 2.963 2.393 2.033
Cu�O – 1.891 3.459 3.471 1.923 2.156 1.932 2.136 1.927 1.930 2.062 2.056 2.091 1.971 3.160
Cu�Nnitrene – 1.870 1.931 1.919 1.895 1.945 1.910 1.966 2.004 2.026 2.025 2.025 2.104 2.051 2.019
Nnitrene�C1 – – – – – – – – 1.913 2.185 1.477 1.477 1.453 1.456 1.501
Nnitrene�C2 – – – – – – – – 2.569 2.565 2.516 2.511 2.164 1.932 1.497
valence angles [8]
N3-Cu-Nnitrene – 171.9 125.0 124.2 171.7 148.0 95.4 96.7 165.8 158.7 163.7 163.1 155.7 159.5 129.0
N7-Cu-Nnitrene – 95.2 148.4 149.2 96.2 97.3 169.9 151.4 101.3 101.6 106.9 107.0 106.0 106.4 120.5
Cu-Nnitrene-S – 94.4 118.1 118.9 95.0 93.9 94.6 92.8 92.2 91.9 94.3 94.3 90.3 90.9 115.6


Figure 3. Computed potential-energy diagram of the aziridination reaction with [CuIL5]+ .
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the maximum energy point of the corresponding relaxed
energy scan leads to the transition state of the stepwise
mechanism 3tsII. Optimization of the maximum-energy
point on the singlet surface also yielded the structure of
1tsII, that is, an asynchronous concerted transition state,
which collapsed to the radical intermediate 1intI. We there-
fore have neglected a concerted mechanism. Incidentally,
the experimental studies resulted in the same conclusion
(see above).


The first reaction in the stepwise mechanism is the forma-
tion of the radical intermediate 1,3intI. The singlet–triplet
energy gap of the nitrene CN3 is only 11.4 kJmol�1 with the
triplet as the ground state. Therefore, both spin surfaces
were computed.[48] The results from the stepwise path are
collected in the energy profile diagram of Figure 3. Structur-
al data of 1,3tsII are listed in Table 4 and a plot of the opti-
mized structure of the more stable triplet state structure
3tsII is shown in Figure 5. On the singlet and triplet surfaces,
the alkene approaches the nitrene reactive center from the
open side above the Cu/NPy1/NPy2/N3-plane and the NPy1�Cu
direction (note that this is the shorter NPy�Cu bond with a
larger NPy-Cu-Nnitrene angle, 121.0 vs. 86.58 in the triplet
state). The Cu�Nnitrene bonds on the triplet and singlet surfa-
ces are elongated with respect to the CN3 intermediates
(2.026 vs. 1.945 O, 2.004 vs. 1.913 O, respectively) and the
new Nnitrene�C1 bonds are much shorter than the bonds to
the second ethylene carbon atom Nnitrene···C2, which clearly
shows the asymmetry of the transition state on the way to a
radical intermediate (2.185 vs. 2.565 O and 1.913 vs. 2.569 O
for the triplet and singlet states, respectively). The energy
barriers on the triplet and singlet surfaces are comparable
(93.1 vs. 95.1 kJmol�1) and the corresponding products
(3intI, 1intI) are nearly degenerate (see Figure 3). A spin-
density plot of 3tsII is given in Figure 6 and the spin densi-
ties of the intermediates and transition states on both spin
surfaces are given in the Supporting Information. In the


triplet state, the spin density on copper does not vary much
as a result of the interaction with ethylene, although there is
some propagation of spin density from copper to the coordi-
nated sulfonate oxygen through spin delocalization. The
spin density on the nitrene site is significantly reduced in
3tsII and transferred to the ethylene substrate through spin
polarization, which induces a significant radical character to
the olefin substrate and therefore indicates that it is a prod-
uct-like transition state.


The two spin states of intI (parallel or antiparallel align-
ment of the unpaired electron on the Nnitrene and the radical
carbon atom C1) are degenerate (triplet ground state with a
1.5 kJmol�1 margin; this is clearly within the error of the
DFT method used). This is not unexpected because in intI,
the unpaired electrons are exchange coupled (see Figure 4).
The optimized structure of the 3intI is shown in Figure 6
(that of 1intI is basically identical) and selected structural
parameters for both spin states are given in Table 4. The N�
C bond is fully formed in the radical intermediate (1.477 O
in both spin states) and the Cu�Nnitrene distance is unchanged
from the transition state.


Ring closure from the radical intermediate 1,3intI to the
product 1,3D, that is, the aziridine coordinated to copper(I),
proceeds via transition state 1,3tsII. On the triplet surface,
this involves a spin reversal (see Figure 4), and 3tsII has
therefore an exceedingly high energy (activation barrier of
114.3 kJmol�1 relative to 3intI compared with a barrier of
36.8 kJmol�1 on the singlet surface). Structural parameters
and energies of all relevant species are listed in Table 4 and
structural plots of 1tsIII and 1D are presented in Figure 5
(spin densities are tabulated in the Supporting Information).
The formation of the Nnitrene�C2 bond is evident in both spin
states. There is an elongation of the copper�nitrene bond
and, in particular on the triplet surface, there is a strength-
ening of the Cu�O and an elongation of the Nnitrene�S bond.
The product (1D) has fully formed N�C1,C2 bonds and a


Figure 4. Electronic reorganization for the aziridination reaction on the singlet and triplet spin surfaces. (Nnit=Nnitrene.)
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very weak Cu�O interaction. Dissociation of the Cu�Nnitrene


and regeneration of the catalyst to close a catalytic cycle is
slightly endothermic by 18.6 kJmol�1.


Interesting features in the stepwise mechanism are that
the first transition state on both the singlet and triplet surfa-
ces differ only by approximately 13 kJmol�1 and the subse-
quent formation of the radical intermediates also have very
similar reaction energies on both the surfaces. Therefore,
our calculations suggest a two-state reactivity in which the
reaction pathway to the radical intermediate will involve
both spin states. The two-state reactivity can also explain
the selectivity observed by some specific substrates: sub-
strates that stabilize the radical intermediates will react via
triplet and singlet states whereas substrates that are not ca-
pable of stabilizing the radical intermediates will selectively


react with the singlet nitrene
through a concerted mechanism
to yield enantioselective prod-
ucts.


The radical intermediate has
a triplet ground state, thus no
spin crossing is required until
formation of the radical inter-
mediate. However, the barrier
height for the second transition
state on the triplet surface is
substantial compared with that
of the singlet, which indicates a
possible spin-crossover scenario
before the formation of the
transition state. The product
formation is thermodynamically
favorable. Therefore, the reac-
tion at the second step is ex-
pected to occur exclusively on
the singlet surface. The very
small energy difference and
similar geometries of the two
forms suggest that an intercon-
version between the singlet and
triplet state is a facile process.
Therefore, we did not compute


the minimum-energy crossing point (MECP) in this case.


The aziridination reaction with copper(II) complexes : The
reaction of the copper(II) precatalysts and PhINTs without
innersphere electron transfer produces the 2Bmono,


2BN3, and
2BN7 precursors in an exothermic process with reaction ener-
gies of 32.5, 27.7, and 26.6 kJmol�1, respectively, which is
similar to those of the copper(I) precursors. Homolytic
cleavage of the N�I bond forms the putative copper(IV) ni-
trenes. There are two different possible spin states, a high-
spin quartet and a low-spin doublet. The optimized struc-
tures, selected bond lengths, and computed spin densities
are given in the Supporting Information. The 4CN3 and 4CN7


isomers have Cu�Nnitrene distances of 2.073 and 2.130 O, re-
spectively, and the structure of 4Cmono is similar to that of
3Cmono, the copper nitrene, with a N3-Cu-Nnitrene angle of
121.88. The complex 2Cmono is the lowest in energy with the
quartet state at 9.7 kJmol�1 and 2CN3, with a bidentate ni-
trene, 44.8 kJmol�1 higher in energy. However, compared
with the copper ACHTUNGTRENNUNG(III) nitrenes (copper(I) pathway), the cop-
per(IV) nitrenes (copper(II) pathway) have exceedingly
high potential-energy barriers (see the Supporting Informa-
tion). Therefore, the copper(II) nitrene pathway can be ex-
cluded because the formation of copper(I) nitrenes from
copper(II) PhINTs by heterolytic cleavage of the PhI
moiety (copper(I) nitrene and PhIC


+) is more exothermic.
After the formation of the copper(I) nitrene, the reaction
follows the same pathway as for the copper(I) precursor.
This is also consistent with our experimental observation
(see the section on Aziridination Experiments) and previous


Figure 5. DFT-optimized structures of a) 3tsII, b) 3intI, c) 3tsIII, and d) 1D, each with L5 (see Scheme 3; Nnit=


Nnitrene).


Figure 6. Computed spin-density plot of 3tsII with L5.
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theoretical studies. To this end, our calculations suggest that
the mechanism of N�I bond cleavage is related to the oxida-
tion state of the copper center, resulting in a homolytic
cleavage for the copper(I) precursor and heterolytic cleav-
age for the copper(II) precatalyst.


Penta- versus tetradentate bispidine ligands : The experimen-
tal data suggest that the pentadentate bispidine copper(II)-
complexes generally have more negative redox potentials
(more stable copper(II) complexes).[30] However, it appears
that those pentadentate systems with comparably high redox
potentials (e.g. L11, L12) lead to similar reactivities to those
with tetradentate ligands and that there is a general correla-
tion based on the redox potentials (e.g., L3 vs. L4, L5 vs. L12).
This suggests that, in the reactive copper(I) state, one of the
bispidine donors may dissociate and a bidentate PhINTs
then leads to the same type of intermediate as discussed
with the tetradentate bispidine ligands. This is not unexpect-
ed and is supported by NMR spectroscopy and DFT calcula-
tions of (bispidine)copper(I) complexes.[49, 50] We therefore
have not done any additional computational studies for
these systems.


Conclusion


Based on the original assumption that the copper(II) preca-
talysts are reduced by PhINTs to copper(I),[30] we have been
able to optimize our (bispidine)copper(II) aziridination cat-
alysts. This was achieved by tuning the reduction potential
on the basis of subtle structural modifications, which enforce
a stabilization of the less-common “Jahn–Teller iso-
mers”.[36–38] Both experimental and DFT-based results indi-
cate that the reduction of the copper(II) precursors is an
inner-sphere process to yield a catalytically active copper ni-
trene species. In contrast with earlier results,[30] there is no
significant difference between complexes of tetra- and pen-
tadentate bispidine ligands. L7, which has the most positive
redox potential among the (bispidine)copper(II) complexes
known so far, has the highest activity. From the fact that
both tetra- and pentadentate ligands may lead to active cat-
alysts, it emerges that mono- and bidentate coordination of
PhINTs may be of importance, and this also follows from
the DFT studies. The experimental observation that a radi-
cal intermediate is involved in the catalytic aziridination of
cis-b-methylstyrene is nicely supported by the DFT calcula-
tions, which indicate that in the rate-determining first step,
the reaction of the copper nitrene with the olefin leads to a
radical intermediate, which in the second step is cyclized to
the coordinated aziridine.


Experimental Section


Materials and measurements : Chemicals and absolute solvents (Aldrich,
Fluka) were used without further purification. Styrene was degassed and
kept for five minutes over molecular sieves (4 O) before being used in


the aziridination experiments. 5-Methoxy-2-pyridinecarbaldehyde and 7-
chloro-2-quinolinecarbaldehyde were synthesized as reported in the liter-
ature.[33, 34] The other aldehyde and amine components were commercially
available, except for the components described beneath. Electronic spec-
tra were measured on a Jasco V-570 instrument. NMR spectra were re-
corded at 200 MHz (1H) and 50.3 MHz (13C) on a Bruker AS-200 instru-
ment with the solvent as the internal reference. EPR measurements were
performed on a Bruker ELEXSYS-E-500 instrument at 125 K, and the
spin Hamiltonian parameters were obtained by simulation of the spectra
with XSophe.[51,52] For the electrochemical measurements, a BAS-100B
workstation with a three-electrode setup consisting of a glassy-carbon
working electrode, a Pt wire as the auxiliary electrode, and an Ag/
AgNO3 reference electrode (0.01m Ag+ , 0.1m (Bu4N) ACHTUNGTRENNUNG(BF4) in MeCN)
was used. The solutions were purged with N2 before the measurements;
scan rate 100 mVs�1. The redox potentials are reported with respect to
Ag/AgNO3. The mass spectra were measured on a Finnigan 8400 instru-
ment; nibeol=4-nitrobenzyl alcohol. Elemental analyses were performed
in the analytical laboratories of the chemical institutes at the University
of Heidelberg.


Syntheses


5-Bromo-2-pyridinecarbaldehyde : A solution of BuLi (2.5m in hexanes,
10.0 mL, 25.3 mmol) was slowly added to a solution of 2,5-dibromopyri-
dine (5 g, 21.1 mmol) in toluene (250 mL) at �78 8C and the mixture was
stirred for 2 h. Then DMF (2.15 mL, 27.6 mmol) was added. After stirring
for 1 h at �78 8C, the solution was warmed up to �10 8C and quenched
with saturated NH4Cl aqueous solution at this temperature. The organic
phase was separated, the solvent removed in vacuo and the pure product
obtained by column chromatography (silica gel, hexane/ethyl acetate 9:1,
Rf=0.2) in 35% yield. 1H NMR (200 MHz, CDCl3): d=7.85 (d, 1H,
3JH,H=8.3 Hz, Ar�H), 8.03 (d, 1H, 3JH,H=8.3 Hz, Ar�H), 8.86 (br s, 1H,
Ar�H), 10.04 ppm (s, 1H, CHO).


5-Methyl-2-pyridinecarbaldehyde : A solution of BuLi (2.5m in hexanes,
14.0 mL, 34.9 mmol) was slowly added to a solution of 2-bromo-5-methyl-
pyridine (5 g, 29.1 mmol) in toluene (350 mL) at �78 8C and the mixture
was stirred for 2 h. Then DMF (2.90 mL, 37.8 mmol) was added. After
stirring for 1 h at �78 8C, the solution was warmed up to �10 8C and
quenched with saturated NH4Cl aqueous solution at this temperature.
The organic phase was separated, the solvent was removed in vacuo and
the pure product was obtained by column chromatography (silica gel,
hexane/ethyl acetate 7:3, Rf=0.2) in 35% yield. 1H NMR (200 MHz,
CDCl3): d=2.44 (s, 3H, CH3), 7.67 (dd, 1H, 3JH,H=7.9 Hz, 4J ACHTUNGTRENNUNG(H,H)=


0.7 Hz, Ar�H), 7.88 (d, 1H, 3JH,H=7.9 Hz, Ar�H), 8.61 (d, 1H, 4JH,H=


0.7 Hz, Ar�H), 10.05 ppm (s, 1H, CHO).


2-(Aminomethyl)quinoline : A solution of 2-quinolinecarbaldehyde
(5.00 g, 30.9 mmol) in ethanol (150 mL) was added to a solution of hy-
droxylamine hydrochloride (2.14 g, 30.9 mmol) and potassium carbonate
(4.95 g, 35.8 mmol) in water (25 mL). The mixture was refluxed for
30 min. After cooling down, the yellowish precipitate was filtered,
washed with water, and dried in vacuo to yield 71% product. The 2-for-
maldoximoquinoline (2.00 g, 11.6 mmol) was dissolved in trifluoroacetic
acid (23 mL). Zink powder (4.25 g, 65 mmol) was added slowly. The mix-
ture was stirred at room temperature for 1 h and then poured into a mix-
ture of aqueous sodium hydroxide solution (2m, 200 mL) and chloroform
(100 mL) under ice cooling. The organic phase was washed with brine,
dried over MgSO4, and the solvent was removed in vacuo to obtain the
product in 71% yield. 1H NMR (200 MHz, CDCl3): d=2.60 (br s, 2H,
NH2), 4.16 (2, 2H, CH2), 7.30–8.15 ppm (m, 6H, Ar�H).


The piperidones pL1, pL5, pL10, and pL12 were synthesized according to
published methods.[22,23, 30]


General piperidone synthesis : To a solution of two equivalents of the cor-
responding aldehyde and one equivalent dimethyl 1,3-acetonedicarboxy-
late in methanol, 1.2 equivalents of the corresponding amine was added
slowly under ice cooling. After some hours stirring at room temperature,
a white/yellow precipitate was formed, which was filtered, washed with
methanol, and dried in vacuo.


1-Methyl-2,6-bis(5-methylpyridin-2-yl)-4-oxopiperidine-3,5-dicarboxylic
acid dimethyl ester pL2 : Following the general piperidone synthesis, 5-
methyl-2-pyridinecarbaldehyde (1.55 g, 12.8 mmol), 41% aqueous meth-
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ylamine solution (0.65 mL, 7.7 mmol), and dimethyl 1,3-acetonedicarbox-
ylate (0.92 mL, 6.4 mmol) in methanol (5 mL) gave the product in 34%
yield. 1H NMR (200 MHz, CDCl3, keto form): d=1.73 (s, 3H, CH3�N),
2.30 (s, 6H, CH3�Ar), 3.63 (s, 6H, Ar�OCH3), 4.41 (d, 2H, 3JH,H=


11.2 Hz, CH), 4.59 (d, 2H, 3JH,H=11.2 Hz, CH), 7.30–7.55 (m, 4H, Ar�
H), 8.32–8.40 ppm (m, 2H, Ar-H); 13C NMR (CDCl3; keto form): d=


18.2 (2C, Ar�CH3), 33.7 (1C, CH3�N), 52.0 (2C, OCH3), 57.6 (2C, CH�
N), 69.8 (2C, CH�CO), 123.9, 132.6, 137.3, 149.4, 154.5 (10C, CAr), 168.6
(2C, COOCH3), 200.7 ppm (1C, C=O); MS-FAB (nibeol) m/z : 412.2 [M];
elemental analysis calcd (%): C 64.22, H 6.12, N 10.21; found: C 64.31, H
6.10, N 10.27.


2,6-Bis(5-methoxypyridin-2-yl)-1-methyl-4-oxopiperidine-3,5-dicarboxylic
acid dimethyl ester pL3 : Following the general piperidone synthesis, 5-
methoxy-2-pyridinecarbaldehyde (0.80 g, 5.8 mmol), 41% aqueous meth-
ylamine solution 0.30 mL, 3.5 mmol), and dimethyl 1,3-acetonedicarboxy-
late (0.42 mL, 2.9 mmol) in methanol (3 mL) gave the product in 27%
yield. 1H NMR (200 MHz, CDCl33, keto form): d =1.80 (s, 3H, CH3�N),
3.70 (s, 6H, Ar�OCH3), 3.92 (s, 6H, OCH3), 4.48 (d, 2H, 3JH,H=11.3 Hz,
CH), 4.64 (d, 2H, 3JH,H=11.3 Hz, CH), 7.27 (dd, 2H, 3JH,H=8.5 Hz,
4JH,H=2.7 Hz, Ar�H), 7.49 (d, 2H, 3JH,H=8.5 Hz, Ar�H), 8.31 ppm (d,
2H, 4JH,H=2.7 Hz, Ar�H); 13C NMR (CDCl3; keto form): d=25.5 (1C,
CH3�N), 52.0 (2C, OCH3), 55.5 (2C, Ar�OCH3), 57.7 (2C, CH�N), 67.9,
69.3 (2C, CH�CO), 121.3, 124.7, 136.2, 149.4, 155.0 (10C, CAr), 168.5 (2C,
COOCH3), 200.7 ppm (1C, C=O); MS-FAB (nibeol) m/z : 444.0 [M+H];
elemental analysis calcd (%): C 59.59, H 5.68, N 9.48; found: C 59.43, H
5.90, N 8.92.


2,6-Bis(5-bromopyridin-2-yl)-1-methyl-4-oxopiperidine-3,5-dicarboxylic
acid dimethyl ester pL4 : Following the general piperidone synthesis, 5-
bromo-2-pyridinecarbaldehyde (1.20 g, 6.5 mmol), 41% aqueous methyl-
amine solution (0.33 mL, 3.9 mmol), and dimethyl 1,3-acetonedicarboxy-
late (0.47 mL, 3.2 mmol) in methanol (8 mL) gave the product in 66%
yield. 1H NMR (200 MHz, CDCl33, keto form): d =2.26 (s, 3H, CH3�N),
3.63 (s, 3H, OCH3), 3.73 (s, 3H, OCH3), 4.10–4.30 (m, 1H, CH), 4.30–
4.50 (m, 1H, CH), 4.79 (s, 1H, CH�N), 7.10–7.20 (m, 2H, Ar�H), 7.60–
7.80 (m, 2H, Ar�H), 8.50–8.70 (m, 2H, Ar�H), 12.46 ppm (s, 1H, OH);
13C NMR (CDCl3; enol form): d=31.6 (1C, CH3�N), 37.7 (1C, CH�N),
52.2, 52.7 (2C, OCH3), 60.2 (C, CH�N), 97.7 (1C, C=COH), 124.1, 124.8,
125.7, 138.9, 139.1, 139.5, 149.7, 150.1, 150,3 (10C, CAr), 155.8 (1C, C=


COH), 167.2, 168.4 ppm (2C, COOCH3); MS-FAB (nibeol) m/z : 541.8
[M]; elemental analysis calcd (%): C 44.39, H 3.54, N 7.76; found: C
44.11, H 3.52, N 7.66.


2,6-Bis(7-chloroquinolin-2-yl)-1-methyl-4-oxopiperidine-3,5-dicarboxylic
acid dimethyl ester pL6 : Following the general piperidone synthesis, 7-
chloro-2-quinolinecarbaldehyde (5.40 g, 28.2 mmol), 41% aqueous meth-
ylamine solution 1.43 mL, 16.9 mmol), and dimethyl 1,3-acetonedicarbox-
ylate (2.04 mL, 14.1 mmol) in methanol (20 mL) gave the product in
65% yield. 1H NMR (200 MHz, CDCl33, keto form): d=1.78 (s, 3H,
CH3�N), 3.61 (s, 6H, Ar�OCH3), 4.56 (d, 2H, 3JH,H=11.2 Hz, CH), 5.21
(d, 2H, 3JH,H=11.2 Hz, CH), 7.27–8.25 ppm (m, 10H, Ar�H); 13C NMR
(CDCl3; keto form): d =30.7 (1C, CH3�N), 51.8 (2C, OCH3), 61.1 (2C,
CH�N), 69.3 (2C, CH�CO), 125.7, 125.9, 127.5, 128.3, 128.6, 135.1, 136.1,
147.2, 158.4 (18C, CAr), 169.2 (2C, COOCH3), 201.6 ppm (1C, C=O); MS-
FAB (nibeol) m/z : 551.8 [M]; elemental analysis calcd (%): C 60.22, H
4.43, N 7.39; found: C 60.23, H 4.16, N 7.49.


2,6-Bis(6-bromopyridin-2-yl)-1-methyl-4-oxopiperidine-3,5-dicarboxylic
acid dimethyl ester pL7: Following the general piperidone synthesis, 6-
bromo-2-pyridinecarbaldehyde (10.00 g, 53.8 mmol), 41% aqueous meth-
ylamine solution (2.73 mL, 32.3 mmol) and dimethyl 1,3-acetonedicarbox-
ylate (3.88 mL, 26.9 mmol) in methanol (25 mL) gave the product in
82% yield. 1H NMR (200 MHz, CDCl3, enol form): d=2.26 (s, 3H, CH3�
N), 3.63 (s, 3H, OCH3), 3.83 (s, 3H, OCH3), 4.04 (d, 1H, 3JH,H=9.6 Hz,
CH), 4.50 (d, 1H, 3JH,H=9.6 Hz, CH), 4.80 (s, 1H, CH�N), 7.26–7.62 (m,
6H, Ar�H), 12.46 ppm (s, 1H, OH); 13C NMR (CDCl3; enol form): d=


31.6 (1C, CH3�N), 37.7 (1C, CH�N), 52.2, 52.7 (2C, OCH3), 60.2 (C,
CH�N), 97.7 (1C, C=COH), 121.8, 123.0, 127.4, 138.6, 138.8, 139.1, 140.7,
140.8, 141.6, (10C, CAr), 158.4 (1C, C=COH), 168.8 ppm (2C, COOCH3);
MS-FAB (nibeol) m/z : 541.8 [M], elemental analysis calcd (%): C 44.39,
H 3.54, N 7.76; found: C 44.39, H 3.53, N 7.77.


The bispidones L1, L5, L8, and L10 were synthesized according to pub-
lished methods.[22,23]


General bispidone synthesis : To a suspension of 1 equivalent piperidone
in methanol or ethanol, 2.4 equivalents of a 37% aqueous formaldehyde
solution and 1.2 equivalents of the corresponding amine were added at
room temperature. The mixture was refluxed for 1 to 24 h. After the mix-
ture was allowed to cool down, a white/yellow precipitate was formed, fil-
tered, washed with methanol, and dried in vacuo.


3,7-Dimethyl-2,4-bis(5-methylpyridin-2-yl)-9-oxo-3,7-diazabicyclo ACHTUNGTRENNUNG[3.3.1]-
ACHTUNGTRENNUNGnonane-1,5-dicarboxylic acid dimethyl ester L2 : Following the general bis-
pidine synthesis, piperidone pL2 (0.80 g, 1.9 mmol), formaldehyde solu-
tion (0.37 mL, 4.6 mmol), and 41% (0.18 mL, 2.3 mmol) aqueous methyl-
amine solution in methanol ACHTUNGTRENNUNG(5 mL) gave the product in 49% yield.
1H NMR (CDCl3): d =1.99 (s, 3H, CH3�N), 2.24 (s, 3H, CH3�N), 2.31 (s,
6H, CH3�Ar), 2.49 (d, 2H, 2JH,H=12.0 Hz, H6/H8 equatorial, CH2), 3.00
(d, 2H, 2JH,H=12.0 Hz, H6/H8 axial, CH2), 3.81 (s, 6H, OCH3), 4.65 (s,
2H, H2/H4, CH), 7.56 (dd, 2H, 3JH,H=8.0 Hz, 4JH,H=2.0 Hz, Ar�H), 7.93
(d, 2H, 3JH,H=8.0 Hz, Ar�H), 8.30–8.34 ppm (m, 2H, Ar�H); 13C NMR
(CDCl3): d =18.2 (2C, Ar�CH3), 43.0, 44.5 (2C, CH3�N), 52.4 (2C,
OCH3), 60.7 (2C, CH2�N), 62.2, (2C, C�CO), 73.6 (2C, CH�N), 123.0,
132.4, 137.0, 149.5, 155.9 (10C, CAr), 168.7 (2C, COOCH3), 203.8 ppm
(1C, C=O); MS-FAB (nibeol) m/z : 467.0 [M+H]; elemental analysis
calcd (%): C 64.36, H 6.48, N 12.01; found: C 63.95, H 6.39, N 11.95.


2,4-Bis(5-methoxypyridin-2-yl)-3,7-dimethyl-9-oxo-3,7-diazabicyclo ACHTUNGTRENNUNG[3.3.1]-
ACHTUNGTRENNUNGnonane-1,5-dicarboxylic acid dimethyl ester L3 : Following the general bis-
pidine synthesis, piperidone pL3 (0.75 g, 1.7 mmol), formaldehyde solu-
tion (0.31 mL, 4.1 mmol), and 41% aqueous methylamine solution
(0.17 mL, 2.0 mmol) in methanol (6 mL) gave the product in 38% yield.
1H NMR (CDCl3): d=1.97 (s, 3H, CH3�N), 2.26 (s, 3H, CH3�N), 2.53 (d,
2H, 2JH,H=12.5 Hz, H6/H8 equatorial, CH2), 3.04 (d, 2H, 2JH,H=12.5 Hz,
H6/H8 axial, CH2), 3.80 (s, 6H, Ar�OCH3), 3.86 (s, 6H, -OCH3), 4.64 (s,
2H, H2/H4, CH), 7.28 (dd, 2H, 3JH,H=8.7 Hz, 4JH,H=2.9 Hz, Ar�H), 7.93
(d, 2H, 3JH,H=8.7 Hz, Ar�H), 8.18 ppm (d, 2H, 4JH,H=2.9 Hz, Ar�H);
13C NMR (CDCl3): d =42.9, 44.5 (2C, CH3�N), 52.4 (2C, OCH3), 55.6
(2C, Ar�OCH3), 60.7, 62.4 (2C, C�CO), 73.3 (2C, CH�N), 121.4, 123.9,
136.0, 150.8, 155.0 (10C, CAr), 168.7 (2C, COOCH3), 203.8 ppm (1C, C=


O); MS-FAB (nibeol) m/z : 499.0 [M]; elemental analysis calcd (%): C
59.52, H 6.27, N 10.89; found: C 59.35, H 6.02, N 11.14.


2,4-Bis(5-bromopyridin-2-yl)-3,7-dimethyl-9-oxo-3,7-diazabicycloACHTUNGTRENNUNG[3.3.1]-
ACHTUNGTRENNUNGnonane-1,5-dicarboxylic acid dimethyl ester L4 : Following the general bis-
pidine synthesis, piperidone pL4 1.06 g (2.0 mmol), formaldehyde solution
(0.35 mL, 4.7 mmol), and 41% aqueous methylamine solution (0.20 mL,
2.4 mmol) in methanol (4 mL) gave the product in 74% yield. 1H NMR
(CDCl3): d =2.00 (s, 3H, CH3-N), 2.23 (s, 3H, CH3�N), 2.50 (d, 2H,
2JH,H=12.8 Hz, H6/H8 equatorial, CH2), 2.90 (d, 2H, 2JH,H=12.8 Hz, H6/
H8 axial, CH2), 3.80 (s, 6H, OCH3), 4.70 (s, 2H, H2/H4, CH), 7.92 (d,
2H, 4JH,H=0.9 Hz, Ar�H), 7.94 (d, 2H, 3JH,H=2.1 Hz, Ar�H), 8.56 ppm
(dd, 2H, 3JH,H=2.1 Hz, 4JH,H=0.9 Hz, Ar�H); 13C NMR (CDCl3): d=


43.2, 44.5 (2C, CH3�N), 52.6 (2C, OCH3), 60.6 (2C, CH2�N), 61.8 (2C,
C�CO), 73.1 (2C, CH�N), 120.1, 124.7, 139.2, 150.3, 157.4 (10C, CAr),
168.2 (2C, COOCH3), 202.8 (1C, C=O); MS-FAB (nibeol) m/z : 596.6
[M+H]; elemental analysis calcd (%): C 44.97, H 4.27, N 9.12; found: C
45.37, H 4.24, N 9.15.


2,4-Bis(7-chloroquinolin-2-yl)-3,7-dimethyl-9-oxo-3,7-diazabicyclo ACHTUNGTRENNUNG[3.3.1]-
ACHTUNGTRENNUNGnonane-1,5-dicarboxylic acid dimethyl ester L6 : Following the general bis-
pidine synthesis, piperidone pL6 (2.00 g, 3.6 mmol), formaldehyde solu-
tion (0.64 mL, 8.6 mmol), and 41% aqueous methylamine solution
(0.37 mL, 4.3 mmol) in ethanol (15 mL) gave the product in 78% yield.
1H NMR (CDCl3): d=2.11 (s, 3H, CH3�N), 2.28 (s, 3H, CH3�N), 2.50 (d,
2H, 2JH,H=12.2 Hz, H6/H8 equatorial, CH2), 2.92 (d, 2H, 2JH,H=12.2 Hz,
H6/H8 axial, CH2), 3.92 (s, 6H, OCH3), 4.96 (s, 2H, H2/H4, CH), 7.51
(dd, 2H, 3JH,H=8.6 Hz, 4JH,H=2.1 Hz, Ar�H), 7.79 (d, 2H, 3JH,H=8.6 Hz,
Ar�H), 7.96 (d, 2H, 4JH,H=2.1 Hz, Ar�H), 8.26 (d, 2H, 3JH,H=8.6 Hz,
Ar�H), 8.35 ppm (d, 2H, 3JH,H=8.6 Hz, Ar�H); 13C NMR (CDCl3): d=


43.6, 44.4 (2C, CH3�N), 52.6 (2C, OCH3), 61.0 (2C, CH2�N), 62.3 (2C,
C�CO), 74.0 (2C, CH�N), 120.9, 126.1, 127.8, 128.3, 128.7, 135.5, 136.3,
147.9, 160.8 (18C, CAr), 168.3 (2C, COOCH3), 203.0 ppm (1C, C=O); MS-
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FAB (nibeol) m/z : 606.9 [M]; elemental analysis calcd (%): C 60.40, H
4.74, N 9.09; found: C 60.58, H 4.53, N 8.94.


2,4-Bis(6-bromopyridin-2-yl)-3,7-dimethyl-9-oxo-3,7-diazabicycloACHTUNGTRENNUNG[3.3.1]-
ACHTUNGTRENNUNGnonane-1,5-dicarboxylic acid dimethyl ester L7: Following the general bis-
pidine synthesis, piperidone pL7 (3.50 g, 6.5 mmol), formaldehyde solu-
tion (1.16 mL, 15.6 mmol), and 41% aqueous methylamine solution
(0.66 mL, 7.8 mmol) in methanol (30 mL) gave the product in 50% yield.
1H NMR (CDCl3): d=2.10 (s, 3H, CH3�N), 2.18 (s, 3H, CH3�N), 2.46 (d,
2H, 2JH,H=12.0 Hz, H6/H8 equatorial, CH2), 2.77 (d, 2H, 2JH,H=12.0 Hz,
H6/H8 axial, CH2), 3.89 (s, 6H, OCH3), 4.74 (s, 2H, H2/H4, CH), 7.41
(dd, 2H, 3JH,H=7.7 Hz, 4JH,H=0.8 Hz, Ar�H), 7.66 (t, 2H, 3JH,H=7.7 Hz,
Ar�H), 8.01 ppm (dd, 2H, 3JH,H=7.7 Hz, 4JH,H=0.8 Hz, Ar�H);
13C NMR (CDCl3): d =43.6, 44.4 (2C, CH3�N), 52.6 (2C, OCH3), 60.7
(2C, CH2�N), 61.8 (2C, C�CO), 73.0 (2C, CH�N), 121.9, 127.3, 138.7,
141.4, 160.3 (10C, CAr), 168.1 (2C, COOCH3), 202.7 ppm (1C, C=O); MS-
FAB (nibeol) m/z : 596.8 [M]; elemental analysis calcd (%): C 46.33, H
4.06, N 9.40; found: C 46.35 H 4.07 N 9.46.


3-Methyl-2,4-bis(pyridin-2-yl)-9-oxo-7-(quinolin-2-ylmethyl)-3,7-diaza-
ACHTUNGTRENNUNGbicyclo ACHTUNGTRENNUNG[3.3.1]nonane-1,5-dicarboxylic acid dimethyl ester L9 : Following
the general bispidine synthesis, piperidone pL1 (1.50 g, 3.9 mmol), formal-
dehyde solution (0.70 mL, 9.4 mmol), and 2-(aminomethyl)quinoline
(0.74 g, 4.7 mmol) in methanol (15 mL) gave the product in 28% yield.
1H NMR (CDCl3): d=1.95 (s, 3H, CH3�N), 2.81 (d, 2H, 2JH,H=12.2 Hz,
H6/H8 equatorial, CH2), 3.25 (d, 2H, 2JH,H=12.2 Hz, H6/H8 axial, CH2),
3.47 (s, 2H, N�CH2�Ar), 3.80 (s, 6H, OCH3), 4.66 (s, 2H, H2/H4, CH),
6.90–7.20 (m, 4H, Ar�H), 7.50–7.85 (m, 3H, Ar�H), 7.90 (brd, 3H,
3JH,H=7.6 Hz, Ar�H), 8.10–8.25 (m, 2H, Ar�H), 8.40 ppm (dd, 2H,
3JH,H=4.9 Hz, 4JH,H=1.0 Hz, Ar�H); 13C NMR (CDCl3): d=43.1 (1C,
CH3�N), 52.5 (2C, OCH3), 62.4 (2C, C�CO), 64.0 (1C, N�CH2�Ar), 73.7
(2C, CH�N), 122.4, 122.8, 123.8, 126.6, 127.3, 127.5, 129.5, 129.7, 136.0,
136.3, 147.9, 149.0, 157.6, 158.3 (14C, CAr), 168.5 ppm (2C, COOCH3);
MS-FAB (nibeol) m/z : 566.0 [M]; elemental analysis calcd (%): C 65.85,
H 5.70, N 12.00; found: C 66.06, H 5.64, N 11.72.


2,4-Bis(6-bromopyridin-2-yl)-3-methyl-9-oxo-7-(pyridin-2-ylmethyl)-3,7-
diazabicyclo ACHTUNGTRENNUNG[3.3.1]nonane-1,5-dicarboxylic acid dimethyl ester L11: Fol-
lowing the general bispidine synthesis, piperidone pL7 (3.50 g, 6.5 mmol),
formaldehyde solution (1.16 mL, 15.5 mmol), and 2-(aminomethyl)pyri-
dine (0.80 mL, 7.8 mmol) in methanol (20 mL) gave the product in 35%
yield. 1H NMR (CDCl3): d=2.03 (s, 3H, CH3�N), 2.64 (d, 2H, 2JH,H=


12.5 Hz, H6/H8 equatorial, CH2), 2.95 (d, 2H, 2JH,H=12.5 Hz, H6/H8
axial, CH2), 3.50 (s, 2H, N�CH2�Ar), 3.87 (s, 6H, OCH3), 4.68 (s, 2H,
H2/H4, CH), 7.15–7.45 (m, 6H, Ar�H), 7.60–7.75 (m, 1H, Ar�H), 7.93
(dd, 2H, 3JH,H=7.2 Hz, 4JH,H=1.3 Hz, Ar�H), 8.71 ppm (brd, 2H, 3JH,H=


4.8 Hz, Ar�H); 13C NMR (CDCl3): d =43.5 (1C, CH3�N), 52.6 (2C,
OCH3), 62.0 (2C, C�CO), 63.3 (1C, N�CH2�Ar), 73.0 (2C, CH�N),
122.4, 122.5, 124.6, 127.1, 136.4, 138.6, 141.2, 149.7, 156.6, 159.7 (15C,
CAr), 168.1 (2C, COOCH3), 202.6 ppm (1C, C=O); MS-FAB (nibeol)
m/z : 673.9 [M]; elemental analysis calcd (%): C 49.94, H 4.04, N 10.40;
found: C 49.63, H 4.08, N 10.28.


3-Methyl-9-oxo-2,4-bis(quinolin-2-yl)-7-(quinolin-2-ylmethyl)-3,7-diaza-
ACHTUNGTRENNUNGbicyclo ACHTUNGTRENNUNG[3.3.1]nonane-1,5-dicarboxylic acid dimethyl ester L12 : Following
the general bispidine synthesis, piperidone pL12 (1.36 g, 2.8 mmol), form-
aldehyde solution (0.50 mL, 6.7 mmol) and 2-(aminomethyl)quinoline
(0.53 g, 3.4 mmol) in methanol (15 mL) gave the product in 28% yield.
1H NMR (CDCl3): d=2.05 (s, 3H, CH3�N), 2.80 (d, 2H, 2JH,H=12.0 Hz,
H6/H8 equatorial, CH2), 3.22 (d, 2H, 2JH,H=12.0 Hz, H6/H8 axial, CH2),
3.76 (s, 2H, N�CH2�Ar), 3.90 (s, 6H, OCH3), 4.93 (s, 2H, H2/H4, CH),
7.40–8.40 ppm (m, 18H, Ar�H); 13C NMR (CDCl3): d=43.4 (1C, CH3�
N), 52.4 (2C, OCH3), 62.6 (2C, C�CO), 63.9 (1C, N�CH2�Ar), 74.1 (2C,
CH�N), 121.0, 122.6, 126.5, 126.7, 127.3, 127.4, 127.5, 129.2, 129.4, 129.8,
136.0, 136.4, 147.4, 148.2, 157.3, 159.2 (27C, CAr), 168.4 (2C, COOCH3),
203.3 ppm (1C, C=O); MS-FAB (nibeol) m/z : 666.1 [M]; elemental anal-
ysis calcd (%): C 71.20, H 5.38, N 10.38; found: C 70.95, H 5.25, N 10.33.


General (bispidine)copper(II) complex synthesis : To a solution of 1
equivalent of copper(II) tetrafluoroborate hexahydrate or copper(II) tri-
flate in acetonitrile, one equivalent of the ligand was added and the mix-
ture was stirred for 1 h at room temperature. The clean product was ob-
tained by diethyl ether diffusion into the acetonitrile solution.


ACHTUNGTRENNUNG[CuL1] ACHTUNGTRENNUNG(CF3SO3)2·CH3CN : Following the general procedure for metal
complexes, L1 (307 mg, 0.70 mmol) and CuACHTUNGTRENNUNG(CF3SO3)2 (250 mg,
0.70 mmol) gave the product in 83% yield (490 mg); elemental analysis
calcd: C 38.55 H 3.47, N 8.33, found: C 38.67, H 3.63, N 8.28.


ACHTUNGTRENNUNG[CuL2] ACHTUNGTRENNUNG(BF4)2·3H2O·CH3CN : Following the general procedure for metal
complexes, L2 (115 mg (0.25 mmol) and CuACHTUNGTRENNUNG(BF4)2·6 H2O (85 mg,
0.25 mmol) gave the product in 88% yield (175 mg); elemental analysis
calcd: C 40.60, H 4.92, N 8.77; found: C 41.04, H 4.83, N 8.78; MS-FAB
(nibeol) m/z : 566.1 [LCu·2H2O], 547.0 [LCu·H2O]. CV: E1/2 (CH3CN)=


�410 mV, DE=110 mV, ic
p/ia


p=2.55. UV (CH3CN): l (e)=624 (122),
920 nm (25 Lcm�1mol�1); EPR (DMF/H2O 3:2): gk=2.260 (Ak=171 G),
g?=2.054 (A?=10 G).


ACHTUNGTRENNUNG[CuL3] ACHTUNGTRENNUNG(BF4)2·3H2O·CH3CN : Following the general procedure for metal
complexes, L3 (117 mg, 0.23 mmol)and Cu ACHTUNGTRENNUNG(BF4)2·6H2O (81 mg,
0.23 mmol) gave the product in 73% yield (144 mg); elemental analysis
calcd: C 39.03, H 4.73, N 8.43; found: C 39.39, H 4.66, N 8.12; MS-FAB
(nibeol) m/z : 597.9 [LCu·2H2O], 579.1 [LCu·H2O]; CV: E1/2 (CH3CN)=


�387 mV, DE=94 mV, ic
p/ia


p=3.03; UV (CH3CN): l =627 nm (e =


127 Lcm�1mol�1), l =929 nm (e =27 Lcm�1mol�1); EPR (DMF/H2O
3:2): gk=2.260 (Ak=173 G), g?=2.056 (A?=9 G).


ACHTUNGTRENNUNG[CuL4] ACHTUNGTRENNUNG(BF4)2·3H2O·CH3CN : Following the general procedure for metal
complexes, L4 (200 mg (0.34 mmol) and Cu ACHTUNGTRENNUNG(BF4)2·6H2O (116 mg
(0.34 mmol) gave the product in 85% yield (270 mg); elemental analysis
calcd: C 32.34, H 3.58, N 7.54; found: C 32.13, H 3.47, N 7.34; MS-FAB
(nibeol) m/z : 711.6 [LCu·3H2O], 675.1 [LCu·H2O]; CV: E1/2 (CH3CN)=


�272 mV, DE=77 mV, ic
p/ia


p=1.42; UV (CH3CN): l =633 nm (e =


129 Lcm�1mol�1), l =970 nm (e =30 Lcm�1mol�1); EPR (DMF/H2O
3:2): gk=2.268 (Ak=171 G), g?=2.060 (A?=10 G).


ACHTUNGTRENNUNG[CuL5] ACHTUNGTRENNUNG(CF3SO3)2·CH3CN : Following the general procedure for metal
complexes, L5 (327 mg, 0.70 mmol) and CuACHTUNGTRENNUNG(CF3SO3)2 (250 mg,
0.70 mmol) gave the product in 82% yield (510 mg); elemental analysis
calcd: C 39.26, H 3.98, N 7.89, found: C 38.78, H 4.03, N 7.30.


ACHTUNGTRENNUNG[CuL6] ACHTUNGTRENNUNG(BF4)2·3H2O : Following the general procedure for metal com-
plexes, L6 (200 mg, 0.33 mmol) and CuACHTUNGTRENNUNG(BF4)2·6 H2O (114 mg, 0.33 mmol)
gave the product in 81% yield (240 mg); elemental analysis calcd: C
41.43, H 3.81, N 6.23; found: C 41.85, H 3.89, N 6.34; MS-FAB (nibeol)
m/z : 707.8 [LCu·2H2O], 688.8 [LCu·H2O]; CV: E1/2 (CH3CN)=++17 mV,
DE=85 mV, ic


p/ia
p=1.30; UV (CH3CN): l =735 nm (e =99 Lcm�1mol�1),


l=1030 nm (e =57 Lcm�1mol�1).


ACHTUNGTRENNUNG[CuL7] ACHTUNGTRENNUNG(BF4)2·3H2O·CH3CN : Following the general procedure for metal
complexes, L7 (200 mg, 0.34 mmol) and CuACHTUNGTRENNUNG(BF4)2·6H2O (116 mg,
0.34 mmol) gave the product in 86% yield (271 mg); elemental analysis
calcd: C 32.34, H 3.58, N 7.54; found: C 32.15, H 3.50, N 7.18; MS-FAB
(nibeol) m/z : 676.6 [LCu·H2O]; CV: E1/2 (CH3CN)=++56 mV, DE=


171 mV, ic
p/ia


p=1.07. UV (CH3CN): l =660 nm (e=52 Lcm�1mol�1), l=


1091 nm (e =30 Lcm�1mol�1); EPR (DMF/H2O 3:2): gk=2.305 (Ak=


156 G), g?=2.065 (A?=10 G).


ACHTUNGTRENNUNG[CuL7] ACHTUNGTRENNUNG(CF3SO3)2·2CH3CN : Following the general procedure for metal
complexes, L7 (880 mg, 1.40 mmol) and CuACHTUNGTRENNUNG(CF3SO3)2 (500 mg,
1.40 mmol) gave the product in 85% yield (1.26 g); elemental analysis
calcd: C 32.92, H 3.05, N 7.94; found: C 32.78, H 3.25, N 7.91.


ACHTUNGTRENNUNG[CuL8] ACHTUNGTRENNUNG(CF3SO3)2 : Following the general procedure for metal complexes,
L8 (258 mg, 0.50 mmol) and CuACHTUNGTRENNUNG(CF3SO3)2 (181 mg, 0.50 mmol) gave the
product in 96% yield (420 mg); elemental analysis calcd: C 41.07, H 3.33,
N 7.98; found: C 40.92, H 3.44, N 7.90.


ACHTUNGTRENNUNG[CuL9] ACHTUNGTRENNUNG(BF4)2·4H2O : Following the general procedure for metal com-
plexes, L9 (164 mg, 0.29 mmol)and Cu ACHTUNGTRENNUNG(BF4)2·6H2O (100 mg, 0.29 mmol)
gave the product in 89% yield (225 mg); elemental analysis calcd: C
43.93, H 4.49, N 8.01; found: C 43.83, H 4.32, N 8.00; MS-FAB (nibeol)
m/z : 664.8 [LCu·2H2O], 645.8 [LCu·H2O]; CV: E1/2 (CH3CN)=�552 mV,
DE=70 mV, ic


p/ia
p=1.15; UV (CH3CN): l=630 nm (e=


132 Lcm�1mol�1), l =881 nm (e =60 Lcm�1mol�1); EPR (DMF/H2O
3:2): gk=2.198 (Ak=173 G), g?=2.042 (A?=25 G).


ACHTUNGTRENNUNG[CuL10] ACHTUNGTRENNUNG(CF3SO3)2·1.5CH3CN : Following the general procedure for metal
complexes, L10 (258 mg, 0.50 mmol) and CuACHTUNGTRENNUNG(CF3SO3)2 (181 mg,
0.50 mmol) gave the product in 82% yield (390 mg); elemental analysis
calcd: C 41.42, H 3.73, N 9.51; found: C 41.56, H 3.99, N 9.37.
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ACHTUNGTRENNUNG[CuL11] ACHTUNGTRENNUNG(BF4)2·3H2O : Following the general procedure for metal com-
plexes, L11 (157 mg, 0.23 mmol) and CuACHTUNGTRENNUNG(BF4)2·6H2O (80 mg, 0.23 mmol)
gave the product in 89% yield (198 mg); elemental analysis calcd: C
34.87, H 3.45, N 7.26; found: C 34.85, H 3.66, N 7.26; MS-FAB (nibeol)
m/z : 772.8 [LCu·2H2O], 753.8 [LCu·H2O]; CV: E1/2 (CH3CN)=�389 mV,
DE=75 mV, ic


p/ia
p=1.16; UV (CH3CN): l =642 nm (e =73 Lcm�1mol�1),


l=957 nm (e =16 Lcm�1mol�1); EPR (DMF/H2O 3:2): gk=2.258 (Ak=


168 G), g?=2.055 (A?=10 G).


ACHTUNGTRENNUNG[CuL12] ACHTUNGTRENNUNG(BF4)2·5H2O : Following the general procedure for metal com-
plexes, L12 (106 mg, 0.16 mmol) and CuACHTUNGTRENNUNG(BF4)2·6H2O (55 mg, 0.16 mmol)
gave the product in 88% yield (140 mg); elemental analysis calcd: C
48.38, H 4.57, N 7.05; found: C 47.96, H 4.10, N 6.86; MS-FAB (nibeol)
m/z : 764.9 [LCu·2H2O], 745.9 [LCu·H2O]; CV: E1/2 (CH3CN)=�35 mV,
DE=69 mV, ic


p/ia
p=1.04; UV (CH3CN): l=632 nm (e=


125 Lcm�1mol�1), l =710 nm (e =133 Lcm�1mol�1), l=1091 nm (e=


94 Lcm�1mol�1); EPR (DMF/H2O 3:2): gk=2.288 (Ak=150 G), g?=


2.060 (A?=6 G).


ACHTUNGTRENNUNG[CuL12] ACHTUNGTRENNUNG(CF3SO3)2·CH3CN : Following the general procedure for metal
complexes, L12 (200 mg, 0.30 mmol) and CuACHTUNGTRENNUNG(CF3SO3)2 (109 mg,
0.30 mmol) gave the product in 73% yield (230 mg); elemental analysis
calcd: C 48.25, H 3.57, N 6.70; found: C 48.25, H 3.58, N 6.57.


Aziridination experiments : Standard conditions: The catalyst (0.02 mmol,
5 mol% vs. PhINTs) was dissolved in dry, degassed acetonitrile (2 mL)
under argon. Styrene (1 mL, 8.7 mmol, 22 equiv. vs. PhINTs) was stirred
for 5 min over molecular sieves under argon and added subsequently to
the catalyst solution. PhINTs (150 mg, 0.4 mmol, 1 equiv) was added and
the mixture was stirred at 25 8C until all the PhINTs disappeared. The


clear solution was filtered over neutral alumina, the alumina was washed
with ethyl acetate (20 mL) and all solvents were removed in vacuo. The
residue was dissolved in CDCl3. The yield of aziridine product was deter-
mined by 1H NMR spectroscopy versus anthrone (38.8 mg, 0.2 mmol).
For the water-free complexes, triflate salts were used and the reactions
were performed under standard conditions but with the addition of mo-
lecular sieves (4 O). All experiments were performed in at least in dupli-
cate.


Crystallography : Crystal data and details of the structure determinations
are listed in Table 5. Intensity data were collected at low temperature
with a Bruker AXS Smart 1000 CCD diffractometer and corrected for
Lorentz, polarization, and absorption effects (semiempirical,
SADABS).[53] The structures were solved by the heavy-atom method
combined with structure expansion by direct methods applied to differ-
ence structure factors (DIRDIF)[54,55] and refined by full-matrix least
squares methods based on F2 with all measured unique reflections.[56] All
non-hydrogen atoms were given anisotropic displacement parameters.
Hydrogen atoms were input at calculated positions and refined with a
riding model. The tetrafluoroborate anions were frequently found disor-
dered. In such cases, split atom models were used and/or B�F and F···F
distances were restrained to sensible values during refinement. In the
case of [(L4)Cu ACHTUNGTRENNUNG(NCMe)] ACHTUNGTRENNUNG[BF4]2, disordered and partially occupied water
of crystallization was removed from the structure (and the corresponding
Fobs) with the SQUEEZE[57] procedure, as implemented in PLATON.[58]


In the structure of [(L7)Cu ACHTUNGTRENNUNG(NCMe)2] ACHTUNGTRENNUNG[BF4]2, the ligand Y on the copper
atom could be modeled satisfactorily by a mixture of acetonitrile (occu-
pancy 0.4) and water (occupancy 0.6) ligands. In addition, the keto group
involving C9 of the bispidine ligand in this complex was found to have


Table 5. Details of the crystal structure determinations.


[(L2)CuNCMe)]2+ [(L4)CuNCMe)]2+ [(L6)CuNCMe)]2+ [(L7)CuNCMe)]2+
ACHTUNGTRENNUNG[(L12)CuNCMe)]2+


formula C27H35B2CuF8N5O6·
2H2O


C25H29B2Br2CuF8N5O6 C35H34B2Cl2CuF8N6O6·
CH3CN


C26.8H33.37B2Br2CuF8N5.4O6.6·
0.84CH3CN


C42H40B2CuF8N6O6


crystal system triclinic monoclinic monoclinic triclinic triclinic
space group P1̄ C2/c P21/c P1̄ P1̄
a [O] 11.7884(6) 21.582(3) 15.4862(13) 11.4213(11) 11.0938(8)
b [O] 11.8821(6) 11.8963(11) 13.0418(11) 12.2657(12) 13.1601(9)
c [O] 13.9001(7) 26.109(2) 22.7423(16) 14.4043(14) 14.6098(11)
a [8] 107.6020(10) 90 90 101.286(2) 84.469(2)
b [8] 105.5540(10) 104.604(3) 118.594(4) 99.822(2) 80.1140(10)
g [8] 105.9100(10) 90 90 110.684(2) 74.1640(10)
V [O�3] 1648.69(14) 6486.8(11) 4033.0(6) 1787.0(3) 2018.8(3)
Z 2 8 4 2 2
Mr 798.79 892.51 967.8 968.14 961.96
1calcd [Mgm�3] 1.609 1.828 1.594 1.799 1.583
F000 822 3544 1972 968 986
m ACHTUNGTRENNUNG(MoKa) [mm�1] 0.764 3.232 0.765 2.943 0.637
transmission factors
ACHTUNGTRENNUNG(max, min)


0.8320,
0.8032


0.7234,
0.5529


0.8318,
0.8318


0.7458,
0.4851


0.9381,
0.8420


l [O] MoKa, graphite monochromated, 0.71073
T [K] 100(2)
# range [8] 1.7 to 32.0 1.6 to 27.1 1.5 to 32.0 1.9 to 25.7 1.6 to 27.5
index ranges �17�h�16 �27�h�26 �23�h�22 �13�h�13 �14�h�14


�17�k�16 0�k�15 �19�k�0 �14�k�14 �16�k�17
0� l�20 0� l�33 �32� l�21 0� l�17 0� l�18


reflns meas. 29595 82753 100717 30758 39144
unique, Rint 11209, 0.0297 7162 , 0.0728 13582 , 0.0620 6775, 0.0565 9250 , 0.0624
observed [(I�2s(I)] 9612 5741 9578 4798 6865
parameters refined 470 449 599 528 611
R indices (all data)
R1 0.0432 0.0895 0.0691 0.0773 0.0689
wR2 0.1033 0.1603 0.1170 0.1542 0.1317
R indices [I>2s(I)]
R1 0.0352 0.0717 0.0434 0.0513 0.0478
wR2 0.0996 0.1531 0.1062 0.1416 0.1223
GOF on F2 1.20 1.13 1.08 1.13 1.08
largest residual peaks [eO�3] 0.646, �0.347 1.120, �1.386 1.164, �0.569 2.281, �1.098 2.021, �0.580
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been converted into a C(OH) ACHTUNGTRENNUNG(OMe) moiety, with the methyl group disor-
dered over two positions. In the structure of [(L6)Cu ACHTUNGTRENNUNG(NCMe)2] ACHTUNGTRENNUNG[BF4]2, the
bispidine ligand was mainly present in its keto form (92%) with a small
admixture of the diol (8%). All other complexes had the bispidine ligand
exclusively in the diol form.


CCDC-666831, CCDC-666832, CCDC-666833, CCDC-666834, and
CCDC-666835 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif


Computational details : DFT calculations were performed with software
packages Gaussian03,[59] Jaguar 5.5,[60] and ADF.[61] G03 was used for the
geometry optimization and frequency calculations. Jaguar was used for
pre-optimization and to perform PES scans to locate a few problematic/
tricky species such as transitions states on the singlet surfaces. ADF was
used for the geometry optimization and the energy decomposition analy-
sis (EDA). Two different basis sets were used in G03; BS I was the com-
bination of LanL2DZ[62–65] for Cu and a 6–31G basis set[66] for the other
atoms. BS II used was the Ahlrichs TZVP basis set[67,68] For the location
of transition states, either the normal transition state search with a start-
ing geometry obtained from B3LYP[69,70]/BS I in G03 or the synchronous
transit-guided quasi-Newton (STQN) method implemented in Gaussi-
an 03 or a combination of both have been used. Frequency calculations
were performed on all the optimized structures to verify their nature and
to obtain the zero-point corrections to the energies. Unless otherwise
stated, all the DFT energies and spin densities quoted herein are B3LYP/
TZVP (BS II), including zero-point and free-energy corrections (en-
thalpy and entropy).


Acknowledgements


Generous financial support by the German Science Foundation (DFG) is
gratefully acknowledged.


[1] M. Costas, M. P. Mehn, M. P. Jensen, L. Que, Jr., Chem. Rev. 2004,
104, 939.


[2] W. Nam, Acc. Chem. Res. 2007, 40, 522.
[3] K. Muniz-Fernandez in Transition Metals in Organic Synthesis, 2nd


Ed. , Vol. 2 (Eds.: M. Beller, C. Bolm), Wiley-VCH, Weinheim, Ger-
many, 2004, pp. 298.


[4] H. C. Kolb and K. B. Sharpless in Transition Metals for Organic Syn-
thesis, 2nd Ed. , Vol. 2 (Eds.: M. Beller, C. Bolm), Wiley-VCH,
Weinheim, Germany, 2004, pp. 275.


[5] E. N. Jacobsen, M. H. Wu in Comprehensive Asymmetric Catalysis
I–II, Vol. 2 (Eds.: E. N. Jacobsen, A. Pfaltz, Y. Hisashi), Springer,
Berlin, Germany, 1999, pp. 649.


[6] D. Tanner, Angew. Chem. 1994, 106, 625; Angew. Chem. Int. Ed.
Engl. 1994, 33, 599.


[7] H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem. 2001, 113,
2056; Angew. Chem. Int. Ed. 2001, 40, 2004.


[8] A. Yudin, Aziridines and Epoxides in Organic Synthesis, Wiley-
VCH, Weinheim, Germany, 2006.


[9] R. S. Coleman, J.-S. Kong, J. Am. Chem. Soc. 1998, 120, 3538.
[10] J. B. Sweeney, Chem. Soc. Rev. 2002, 31, 247.
[11] S.-M. Au, J. S. Huang, W.-Y. Yu, W.-H. Fung, C.-M. Che, J. Am.


Chem. Soc. 1999, 121, 9120.
[12] J.-L. Liang, J.-S. Huang, X.-Q. Yu, N. Zhu, C.-M. Che, Chem. Eur. J.


2002, 8, 1563.
[13] D. A. Evans, M. M. Faul, M. T. Bilodeau, J. Org. Chem. 1991, 56,


6744.
[14] D. A. Evans, M. M. Faul, M. T. Bilodeau, J. Am. Chem. Soc. 1994,


116, 2742.
[15] Y. Yamada, T. Yamamoto, M. Okawara, Chem. Lett. 1975, 361.
[16] T. P. Albone, P. S. Aujnla, P. C. Taylor, S. Challenger, A. M. Derrick,


J. Org. Chem. 1998, 63, 9569.


[17] M. M. Diaz-Requejo, P. J. Perez, M. Brookhart, J. L. Templeton, Or-
ganometallics 1997, 16, 4399.


[18] P. Brandt, M. J. Sçdergren, P. G. Andersson, P.-O. Norrby, J. Am.
Chem. Soc. 2000, 122, 8013.


[19] P. MXller, C. Baud, Y. Jacquier, Can. J. Chem. 1998, 76, 738.
[20] K. M. Gillespie, E. J. Crust, R. J. Deeth, P. Scott, Chem. Commun.


2001, 785.
[21] P. Comba, M. Kerscher, W. Schiek, Prog. Inorg. Chem. 2007, 55,


613.
[22] P. Comba, C. Lopez de Laorden, H. Pritzkow, Helv. Chim. Acta


2005, 88, 647.
[23] H. Bçrzel, P. Comba, K. S. Hagen, C. Katsichtis, H. Pritzkow, Chem.


Eur. J. 2000, 6, 914.
[24] F. Mohr, S. A. Binfield, J. C. Fettinger, A. N. Vedernikow, J. Org.


Chem. 2005, 70, 4833.
[25] P. Comba, M. Kerscher, M. Merz, V. MXller, H. Pritzkow, R. Reme-


nyi, W. Schiek, Y. Xiong, Chem. Eur. J. 2002, 8, 5750.
[26] P. Comba, W. Schiek, Coord. Chem. Rev. 2003, 238–239, 21.
[27] K. Born, P. Comba, R. Ferrari, S. Kuwata, G. A. Lawrance, H. Wa-


depohl, Inorg. Chem. 2007, 46, 458.
[28] P. Brandt, T. Norrby, B. Akermark, P.-O. Norrby, Inorg. Chem. 1998,


37, 4120.
[29] C. Mannich, P. Mohs, Chem. Ber. B 1930, 63, 608.
[30] P. Comba, M. Merz, H. Pritzkow, Eur. J. Inorg. Chem. 2003, 1711.
[31] H. A. Goodwin, F. Lions, J. Am. Chem. Soc. J. Am. Chem.Soc. 1959,


81, 6415.
[32] X. Wang, P. Rabbat, P. OYShea, R. Tillyer, E. J. J. Grabowski, P. J.


Reider, Tetrahedron Lett. 2000, 41, 4335.
[33] M. Adamczyk, R. E. Reddy, Tetrahedron: Asymmetry 2001, 12,


1047.
[34] W. M. Tadros, H. A. Shoeb, M. A. Kira, F. Yousif, E. M. Ekladios,


S. A. Ibrahim, Indian J. Chem. 1975, 13, 1366.
[35] H. Bçrzel, P. Comba, C. Katsichtis, W. Kiefer, A. Lienke, V. Nagel,


H. Pritzkow, Chem. Eur. J. 1999, 5, 1716.
[36] P. Comba, B. Martin, A. Prikhod’ko, H. Pritzkow, H. Rohwer,


Comptes Rendus Chimie 2005, 6, 1506.
[37] P. Comba, A. Hauser, M. Kerscher, H. Pritzkow, Angew. Chem.


2003, 115, 4675; Angew. Chem. Int. Ed. 2003, 42, 4536.
[38] P. Comba, M. Kerscher, Cryst. Eng. 2004, 7, 197.
[39] P. Comba, Coord. Chem. Rev. 1999, 182, 343.
[40] Redox potentials and ligand field strengths are known to be corre-


lated, and from ligand field theory there also emerges a correlation
of dd transitions and spin Hamiltonian parameters.[39]


[41] Note that the co-ligands are not identical in all structural, spectro-
scopic, and electrochemical experiments, neither are they in the azi-
ACHTUNGTRENNUNGridination experiments described; note also that the substituents of
the aromatic rings also lead to a variation of the nucleophilicity of
the donors, and this obviously also influences the relative stability of
the three possible Jahn–Teller isomers.


[42] J. A. Halfen, J. K. Hallman, J. A. Schultz, J. P. Emerson, Organome-
tallics 1999, 18, 5435.


[43] Usually, (bispidine)copper(II) complexes contain coordinated or
crystal water owing to their syntheses; also, these complexes are
usually very hygroscopic.


[44] T. Dhanalakshmi, E. Suresh, H. Stoeckli-Evans, M. Palaniandavar,
Eur. J. Inorg. Chem. 2006, 4687.


[45] Z. Li, R. W. Quan, E. N. Jacobsen, J. Am. Chem. Soc. 1995, 117,
5889.


[46] Y. M. Badiei, A. Krishnaswamy, M. M. Melzer, T. Warren, J. Am.
Chem. Soc. 2006, 128, 15056.


[47] R. W. Quan, Z. Li, E. N. Jacobsen, J. Am. Chem. Soc. 1996, 118,
8156.


[48] Note that 3CN7 is lower in energy than 1CN3. However, there are ap-
preciable deviations in the structures of the two isomers and 3CN7 is
3.3 kJmol�1 higher in energy than 3CN3. Moreover the product of
3CN7,


1DN7 is almost 20 kJmol�1 higher in energy than 1DN3. There-
fore, the path starting with 3CN7 is neglected.


[49] K. Born, P. Comba, M. Kerscher, H. Rohwer, unpublished results.


Chem. Eur. J. 2008, 14, 5313 – 5328 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5327


FULL PAPERAziridination of Styrene



http://dx.doi.org/10.1021/cr020628n

http://dx.doi.org/10.1021/cr020628n

http://dx.doi.org/10.1021/ar700027f

http://dx.doi.org/10.1002/ange.19941060604

http://dx.doi.org/10.1002/anie.199405991

http://dx.doi.org/10.1002/anie.199405991

http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5

http://dx.doi.org/10.1021/ja9801386

http://dx.doi.org/10.1039/b006015l

http://dx.doi.org/10.1021/ja9913481

http://dx.doi.org/10.1021/ja9913481

http://dx.doi.org/10.1002/1521-3765(20020402)8:7%3C1563::AID-CHEM1563%3E3.0.CO;2-V

http://dx.doi.org/10.1002/1521-3765(20020402)8:7%3C1563::AID-CHEM1563%3E3.0.CO;2-V

http://dx.doi.org/10.1021/jo00024a008

http://dx.doi.org/10.1021/jo00024a008

http://dx.doi.org/10.1021/ja00086a007

http://dx.doi.org/10.1021/ja00086a007

http://dx.doi.org/10.1246/cl.1975.361

http://dx.doi.org/10.1021/jo981335q

http://dx.doi.org/10.1021/om970382q

http://dx.doi.org/10.1021/om970382q

http://dx.doi.org/10.1021/ja993246g

http://dx.doi.org/10.1021/ja993246g

http://dx.doi.org/10.1139/cjc-76-6-738

http://dx.doi.org/10.1039/b101415n

http://dx.doi.org/10.1039/b101415n

http://dx.doi.org/10.1002/hlca.200590045

http://dx.doi.org/10.1002/hlca.200590045

http://dx.doi.org/10.1002/(SICI)1521-3765(20000303)6:5%3C914::AID-CHEM914%3E3.0.CO;2-K

http://dx.doi.org/10.1002/(SICI)1521-3765(20000303)6:5%3C914::AID-CHEM914%3E3.0.CO;2-K

http://dx.doi.org/10.1021/jo050485f

http://dx.doi.org/10.1021/jo050485f

http://dx.doi.org/10.1002/1521-3765(20021216)8:24%3C5750::AID-CHEM5750%3E3.0.CO;2-P

http://dx.doi.org/10.1016/S0010-8545(02)00294-1

http://dx.doi.org/10.1021/ic061501+

http://dx.doi.org/10.1021/ic980021i

http://dx.doi.org/10.1021/ic980021i

http://dx.doi.org/10.1002/cber.19300630314

http://dx.doi.org/10.1002/ejic.200200618

http://dx.doi.org/10.1021/ja01533a022

http://dx.doi.org/10.1021/ja01533a022

http://dx.doi.org/10.1016/S0040-4039(00)00664-X

http://dx.doi.org/10.1016/S0957-4166(01)00186-0

http://dx.doi.org/10.1016/S0957-4166(01)00186-0

http://dx.doi.org/10.1002/(SICI)1521-3765(19990604)5:6%3C1716::AID-CHEM1716%3E3.0.CO;2-8

http://dx.doi.org/10.1002/ange.200351900

http://dx.doi.org/10.1002/ange.200351900

http://dx.doi.org/10.1002/anie.200351900

http://dx.doi.org/10.1016/S0010-8545(98)00199-4

http://dx.doi.org/10.1021/om9908579

http://dx.doi.org/10.1021/om9908579

http://dx.doi.org/10.1002/ejic.200600490

http://dx.doi.org/10.1021/ja00126a044

http://dx.doi.org/10.1021/ja00126a044

http://dx.doi.org/10.1021/ja065299l

http://dx.doi.org/10.1021/ja065299l

http://dx.doi.org/10.1021/ja9618098

http://dx.doi.org/10.1021/ja9618098

www.chemeurj.org





[50] K. Born, P. Comba, A. Daubinet, A. Fuchs, H. Wadepohl, J. Biol.
Inorg. Chem. 2007, 12, 36.


[51] D. Wang, G. R. Hanson, J. Magn. Reson. Ser. A 1995, 117, 1.
[52] D. Wang, G. R. Hanson, Appl. Magn. Reson. 1996, 11, 401.
[53] G. M. Sheldrick in SADABS 2004–2007, Bruker AXS, Gçttingen,


2004–2007.
[54] V. Parathasarathi, Acta. Crystallog. Sect. A 1983, 39, 860.
[55] P. T. Beurskens, G. Beurskens, R. de Gelder, S. G. Ganda, R. O.


Gould, R. Israel, J. M. M. Smits in DIRDIF-99, University of Nijme-
gen, The Netherlands, 1999.


[56] G. M. Sheldrick in SHELXS-97 Program for structure solution;
SHELXL-97 Program for structure refinement, University of Gçt-
tingen, Gçttingen, 1997.


[57] P. van der Sluis, A. L. Spek, Acta Crystallogr. Sect. A 1990, 46, 194.
[58] A. L. Spek, J. Appl. Crystallogr. 2003, 36, 7.
[59] Gaussian 03, Revision B.03, M. J. Frisch, G. W. Trucks, H. B. Schle-


gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomer-
y, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.


Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cio-
slowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaro-
mi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wall-
ingford CT, 2004.


[60] JAGUAR 5.5, Schrçdinger, Inc., Portland, OR.
[61] A. BZrces et al. in ADF2004.01 SCM, Theoretical Chemistry, Vrije


Universiteit: Amsterdam, The Netherlands, 2004.
[62] T. H. Dunning, Jr., P. J. Hay in Modern Theoretical Chemistry, Vol.


3, (Ed. E. H. F. Schaefer III, Plenum Press, New York, 1976, pp. 1.
[63] P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270.
[64] W. R. Wadt, P. J. Hay, J. Chem. Phys. 1985, 82, 284.
[65] P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 299.
[66] R. Ditchfield, W. J. Hehre, J. A. Pople, J. Chem. Phys. 1971, 54, 724.
[67] A. SchAfer, H. Horn, R. Ahlrichs, J. Chem. Phys. 1992, 97, 2571.
[68] A. SchAfer, C. Huber, R. Ahlrichs, J. Chem. Phys. 1994, 100, 5829.
[69] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785.
[70] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.


Received: December 4, 2007
Revised: February 7, 2008


Published online: April 22, 2008


www.chemeurj.org D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5313 – 53285328


P. Comba et al.



http://dx.doi.org/10.1107/S0021889802022112

http://dx.doi.org/10.1063/1.448799

http://dx.doi.org/10.1063/1.448800

http://dx.doi.org/10.1063/1.448975

http://dx.doi.org/10.1063/1.1674902

http://dx.doi.org/10.1103/PhysRevB.37.785

http://dx.doi.org/10.1063/1.464913

www.chemeurj.org






DOI: 10.1002/chem.200701494


Solid-State Photochemical [2+2] Cycloaddition in a Hydrogen-Bonded Metal
Complex Containing Several Parallel and Crisscross C=C bonds


Abdul Malik Puthan Peedikakkal and Jagadese J. Vittal*[a]


Introduction


Organic photochemistry has been evolving for the past fifty
years, ever since Schmidt postulated conditions for the pho-
tochemical dimerization of C=C bonds in the solid state.[1,2]


Although considerable progress has been made in this field,
stacking of double bonds is still a challenge. Understanding
of the principles of crystal engineering has had significant
impact on solid-state photochemical [2+2] cycloaddition
chemistry. Several weak but directional interactions have
been successfully used to satisfy the Schmidt$s geometric cri-
teria for photoreactivity.[3] Recently, coordinative bonds
have also been employed to align a pair of double bonds.[4,5]


Although the use of directional hydrogen bonding to bring
two C=C bonds closer for photochemical reactions is well
documented, this strategy has rarely been used in inorganic
complexes with ligands containing C=C bonds. Although


most solid-state reactions follow the topochemical principle
by maintaining the symmetry of monomers in the crystal lat-
tice with small changes in dimension, some systems in which
they satisfy the Schmidt criterion did not undergo photodi-
merization.[2a,b] Such reactions that require large molecular
motion of atoms in the solid-state lattices are increasingly
being discovered.[6–8] Kaupp highlighted the use of atomic
force microscopy (AFM) and scanning near-field optical mi-
croscopy (SNOM) to detect such large molecular motions in
crystal lattices.[6,7] This technique unraveled the concept of
the phase-rebuilding mechanism in several nontopotactical
photodimerization reactions or reactions that require large
molecular motions such as the photodimerization of a-cin-
namic acid[6a,b] anthracenes,[6a,c] and 2,5-dibenzylidenecyclo-
pentanone.[6a,d] Intrinsic molecular movements include pedal
motion,[8,9] bicycle pedal model,[10] hula twist[11] and crank-
shaft motion[12] in dimerization or isomerization reactions.
Molecular motion can be induced by external forces such


as light irradiation or mechanical motion in the crystal lat-
tice. For example, large pedal-like motion of double bonds
in crystal lattice prior to dimerization[13a,b] and mechanically
induced molecular migration have been detected in the crys-
tal lattice by AFM techniques.[7] Anisotropic molecular mi-
gration has been observed within the crystal during reaction
to remove the internal pressure caused by the change in mo-
lecular shape.[7] In E/Z isomerization of organic crystals
large motion by internal rotation occurs on excitation by
light irradiation.[10a,14,15] The presence of empty channels or


Abstract: One-dimensional hydrogen-
bonded complex [Zn ACHTUNGTRENNUNG(bpe)2ACHTUNGTRENNUNG(H2O)4]-
ACHTUNGTRENNUNG(NO3)2·8/3H2O·2/3bpe (1, bpe=4,4’-bi-
pyridylethylene) containing coordina-
tion complex cations [Zn ACHTUNGTRENNUNG(bpe)2-
ACHTUNGTRENNUNG(H2O)4]


2+ with parallel and crisscross
double bonds undergoes photochemical
[2+2] cycloaddition in the solid state
and produces tetrakis(4-pyridyl)cyclo-
butane (tpcb) in up to 100% yield with
rctt-tpcb (2a) as major and rtct-tpcb


(2b) as minor product. The bpe ligands
with crisscross conformation of C=C
bonds appear to undergo pedal-like
motion prior to photodimerization.
Grinding single crystals to powder ac-


celerates the pedal motion of criss-
crossed olefins in the bpe ligands to
parallel alignment and provides the
rctt-cyclobutane stereoisomer 2a quan-
titatively. In addition, 100% photodi-
merization of ground 1 indicates that
the free bpe ligands, which are remote
from each other in a pool of water, and
NO3


� ions moved toward each other to
give a mixture of rctt- and rtct-tpcb iso-
mers.
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large void volume in loosely packed crystals with normally
weak hydrogen bonds can promote molecular movement in
the solid state.[14a,7a] The molecules can migrate easily among
each other if they are not interlocked inside the crystal
packing.
While exploring the coordination behavior of 4,4’-bipyri-


dylethylene (bpe), we found that the double bonds in six
bpe are aligned closely (ca. 4.0 K) in crisscross and parallel
orientations. Mechanically induced molecular alignment
with pedal motion over the double bond and large molecu-
lar motion of bpe were observed in the crystal lattice, which
on photoirradiation produced rctt- and rtct-tpcb isomers 2a
and 2b (Scheme 1) in up to 100% yield.


Results and Discussion


Single crystals of [Zn ACHTUNGTRENNUNG(bpe)2-
ACHTUNGTRENNUNG(H2O)4]ACHTUNGTRENNUNG(NO3)2·8/3H2O·2/3bpe
(1) were grown by diffusing a
methanolic solution of bpe into
an aqueous solution of Zn-
ACHTUNGTRENNUNG(NO3)2·6H2O in the ratio of
2:1. X-ray crystallography re-
vealed that it contains 1D hy-
drogen-bonded chains of com-
plex cations [ZnACHTUNGTRENNUNG(bpe)2ACHTUNGTRENNUNG(H2O)4]


2+ .
For Z=3 in the triclinic space
group, the asymmetric unit of 1
contains one and a half formula
units. A CoII complex isotypical to 1 has been reported by
Jung and co-workers.[16] The ZnII ion in the half molecular
unit is at the crystallographic inversion center. Each ZnII ion
in the [Zn ACHTUNGTRENNUNG(bpe)2ACHTUNGTRENNUNG(H2O)4]


2+ ion has an N2O4 coordination en-
vironment with two bpe ligands in trans fashion which
leaves two imine N atoms from each cation uncoordinated.
These free N atoms form O�H···N hydrogen bonds with one
of the hydrogen atoms of the neighboring water molecules
to give a hydrogen-bonded 1D polymer (Figures 1–3). As a
result the bpe pairs in the strands are aligned closely. For ex-
ample, the distance between the centers of C=C bonds in
the hydrogen-bonded strand containing Zn1 atoms is
3.796 K (Figure 1) and the C=C bonds are aligned in paral-
lel. On the other hand, adjacent C=C bond pairs are criss-


crossed in the strand containing Zn2 atoms with a distance
of 3.836 K between the centers of the C=C bonds (Figure 2).
These hydrogen-bonded 1D polymers are propagated ap-


proximately along the c axis and stacked in the (101) plane.
The olefin groups between Zn1 and Zn2 strands are lie anti-
parallel with distance of 3.595 K between the centers of the
olefinic bonds. Although the adjacent Zn2 strands are paral-
lel, the strands are slip-stacked in such a manner that the
carbon atom of the C=C bond is closer to the center of the
adjacent pyridine ring (3.496 K). Hence, overall, only three
adjacent 1D hydrogen-bonded strands containing six bpe li-
gands are aligned roughly in a straight line approximately
along the c axis (Figure 3).


The aqua ligands and lattice water molecules form two
types of discrete water clusters stabilized by O�H···O bonds
as a layer in the ac plane (Figure 4). The (H2O)8 cluster
based on a cyclic hexamer with cyclohexane-like structure is
propagated along the a axis by Zn1 atoms. Each (H2O)8
cluster is supported by four ZnII ions. Another discrete
(H2O)5 cluster with a “2-methylbutane-like” skeleton struc-
ture is sustained by three ZnII ions between two rows of
Zn2 atoms, of which three are coordinated water molecules.
Water clusters and chains hosted by organic and inorganic
lattices have attracted much attention.[17a] Although cyclic
(H2O)6-based water clusters are very common, discrete acy-
clic water pentamers are little known.[17b,c] The crystal struc-
ture of 1 is a rare example containing two different discrete


Scheme 1. Stereoisomers rctt-tpcb (2a) and rtct-tpcb (2b) observed in
photoreactions of 1 in the solid state.


Figure 1. The hydrogen-bonded strands formed by Zn1 viewed approxi-
mately along the a axis (a) and the c axis (b) to show the parallel disposi-
tions of C=C bonds. The aromatic CH hydrogen atoms have been omit-
ted for clarity.


Figure 2. The hydrogen-bonded strands formed by Zn2 viewed approximately along the a axis (a) and the c
axis (b) to show the crisscross alignment of C=C bonds. The aromatic CH hydrogen atoms have been omitted
for clarity.
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water clusters, namely, cyclic and acyclic water clusters in
the same lattice.[16]


The nitrate anions, lattice water, and free bpe molecules
are sandwiched between the [Zn ACHTUNGTRENNUNG(bpe)2ACHTUNGTRENNUNG(H2O)4]


2+ cationic
layers in the (101) plane (Figure 5). The free bpe molecules
are arranged roughly linearly, separated 7.14 and 9.49 K
from each other by one and two lattice water molecules, re-
spectively. The closest C···C distance between adjacent bpe
molecules separated by a row of NO3


� ions is 6.09 K.
The assembly of the olefin groups of six bpe ligands con-


forms to the distance criterion of Schmidt for [2+2] photore-
actions, of which only one pair of olefins connected by Zn1
atoms lies parallel. When the single crystal of 1 was subject-
ed to UV light for 25 h, 46% photochemical conversion was
observed, of which 39% is due to rctt-tetrakis(4-pyridyl)-
1,2,3,4-cyclobutane (rctt-tpcb, 2a) and 7% due to rtct-tpcb


isomer (2b, Scheme 1), as
monitored by 1H NMR spec-
troscopy. However, the percent-
age of isomer 2b formed is
much lower than expected
based on the orientation of C=


C bonds shown in Figure 3 and
the C=C distances found in 1.
This can only be explained by
assuming that C=C bonds of
bpe ligands undergo pedal-like
motion prior to photodimeriza-
tion. Such dynamic behavior of
C=C bonds in trans-stilbene
was observed by Ogawa and
co-workers.[8] Light-induced
geometrical rearrangement by


pedal motion has been observed in crystal lattices that ex-
hibit photochromism.[18] Changes in conformation due to
pedal motion prior to cyclobutane formation were also in-
voked to account for quantitative regiospecific formation of
cyclobutane isomers.[14] Nevertheless, such motions are
easier if the pair of molecules with C=C bonds are held on
one side by weak interactions while the other side is left
free. The sluggish reactivity of 1 may be attributed to diffi-
culty of pedal motion in the single crystals due to the pres-
ence of coordinative bonds on one side and hydrogen bonds
on the other. The incomplete pedal-like motion of bpe ob-
served here is reflected in the residual formation of 2b
during photodimerization. However, when the single crystals
were ground for 5 min to powder and subjected to UV irra-
diation for 4 h, 88% conversion of C=C bonds to cyclobu-
tane rings was observed, and 100% conversion was achieved
when UV irradiation was prolonged to 25 h.
The 1H NMR spectrum of this product in [D6]DMSO so-


lution shows no signal at d=7.53 ppm for olefinic protons
but two singlets at d=4.65 and 3.85 ppm due to two stereo-


Figure 3. A view along the a axis showing the details of the alignments of double bonds in the hydrogen-
bonded 1D polymeric structures present in 1. The aromatic CH hydrogen atoms have been omitted for clarity.


Figure 4. A perspective view showing the hydrogen-bonded connectivity
in (H2O)8 and (H2O)5 clusters. Only relevant atoms are shown for clarity.


Figure 5. A view of the layer showing the interactions of NO3
� anions,


lattice water, and free bpe molecules that are sandwiched between the
[Zn ACHTUNGTRENNUNG(bpe)2 ACHTUNGTRENNUNG(H2O)4]


2+ cationic layers in 1.
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isomers of cyclobutane rings, namely rctt (2a) and rtct (2b),
respectively (Figure 6).[19, 20] Hence, it is confirmed that all
the bpe molecules including the six that are bonded to ZnII


ions and the two free ones present in the unit cell under-
went photodimerization when 1 was ground into powder.
Control experiments were carried out to separate the in-


fluence of grinding from the loss of the solvents. The results
are compiled in Figure 7. The single crystals were dehydrat-
ed, and opaque single crystals obtained by heating 1 to 80 8C
were subjected to UV radiation for 25 h, after which the
1H NMR spectrum showed only 29% photochemical conver-
sion. This confirms that the increase in the reactivity and
the formation of 100% photodimerized product is due to
grinding and not to water loss. Furthermore, thermogravi-
metric analysis of ground samples of 1 do not show signifi-
cant loss of water (14.9% for a sample ground for 5 min
versus a theoretical weight loss of 15.1% for 6.67 for all the
water molecules), and the water loss was not significant
even after these ground samples were subjected to UV irra-
diation.
Grinding increases the surface area, and greater reactivity


is expected when a sample with a larger surface is exposed
to UV irradiation. To test this hypothesis, bulk powder was
synthesized by the same method, and its powder XRD pat-
tern was successfully matched with the powder XRD pattern
simulated from the single-crystal data. When this powder
was subjected to UV light for 40 h, only 47% conversion
was observed (2a :2b 42:5). Hence, this result supports the
notion that grinding accelerates the pedal-like motion of the
C=C bonds of bpe molecules and thus accounts for the ob-
served increase in reactivity by a factor of about ten
(Figure 7). The powder XRD samples of ground powders
have peaks with less intensity but maintain the same crystal-
line phase. The less crystalline nature of the powdered sam-
ples from single crystal may be due to movement of bpe li-
gands while maintaining the same crystal structure. The sub-
ject of solid-state reactions activated by grinding and milling


has been extensively studied by Braga, Toda, Kaupp, and
co-workers.[2c,21,22] Molecular migration in organic crystals is
caused by mechanical pressure induced by nanoscratch-
ACHTUNGTRENNUNGing.[6e,7b]


The photodimerized product still contains 11–13.4% of
isomer 2b after 5–20 min of grinding and 25 h of UV expo-
sure. This likely originated from the free bpe, since forma-
tion of 2b requires movement of a bpe molecule along the
C=C bond, which can easily occur for the free bpe molecule
in the pool of water molecules and NO3


� ions in the crystal
lattice during grinding. The space between the stacked cat-
ionic layers provides enough room for translation of the bpe
molecule along the C=C double bonds that exist in antipar-
allel fashion. This is in fair agreement with the 12.5% ex-
pected for the random movement of free bpe molecules in
the lattice and thus accounts for the observed photochemical
behavior. Such molecular movements have been proposed


Figure 6. 1H NMR spectra of 1 ground for 5 min (300 MHz, [D6]DMSO,
25 8C, TMS) before UV irradiation (a) and after 25 h of UV irradiation
(b).


Figure 7. Plots showing the progress of photoconversion of 1 over various
time intervals to a) rctt- and b) rtct-tpcb isomers, as monitored by
1H NMR spectroscopy in [D6]DMSO solution. 1a= single crystal, 1b=


single crystal ground for 5 min, 1c= single crystal ground for 10 min,
1d= single crystal ground for 20 min, 1e=crushed single crystals, 1 f=


single crystal heated at 80 8C).
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in many cycloaddition reactions to rationalize the observed
products.[6,7,13]


Conclusion


Hydrogen-bonded coordination complexes have been em-
ployed to align the C=C bonds in bpe for [2+2] cycloaddi-
tion reactions. To the best of our knowledge, photoreactivity
has not been tested for solids containing more than one pair
of well-aligned C=C bonds that satisfy the distance criterion.
This is the first time that six olefins in a row satisfy the
Schmidt distance criterion, of which four lie in crisscross
conformation and two have parallel orientation. These bpe
ligands with antiparallel C=C bonds undergo pedal-like
motion prior to photodimerization. Grinding the single crys-
tals into powder accelerates the pedal motion of crisscrossed
olefins into parallel alignment as well as the motion of free
bpe in the solid. Hence the olefin groups of bpe ligands un-
dergo quantitative conversion to the cyclobutane derivative
with exclusively rctt stereochemistry on UV irradiation of
the ground sample. This is again an exceptional case in
which the olefinic bonds need not be parallel under the
Schmidt criterion to undergo photodimerization. Although
the solid-state photoreaction stereospecifically produces cy-
cobutane isomers, obtaining both rctt-tpcb and rtct-tpcb iso-
mers from a single compound is not uncommon in the solid
state.[2d,23,14c] Mechanical motion in the crystal may also facil-
itate movement of molecules to align in parallel, as required
for photodimerization reaction such as light-induced elec-
tronic excitation. An internal pressure is exerted on the mol-
ecules by mechanical motion in the free volume between
the cationic layers. Finally, two different types of water clus-
ters, namely, (H2O)8 and (H2O)5, are trapped in the crystal
structure of 1.


Experimental Section


General : All chemicals were purchased from commercial sources and
used as received for syntheses. All solvents used were of reagent grade.
The yield of 1 is reported with respect to the metal salts. UV irradiation
was conducted by using a Luzchem photoreactor. The 1H NMR spectra
were recorded with a Bruker ACF 300FT-NMR spectrometer with TMS
as internal reference at 298 K. The yields observed on UV irradiation are
reported in terms of the product distribution, obtained by integrating
1H NMR spectra of the compounds. The IR spectra (KBr pellet) were re-
corded on a FTS 165 Bio-Rad FTIR spectrometer in the range 4000–
400 cm�1. ESI-MS spectra were recorded on a Finnigan MAT LCQ Mass
Spectrometer by the syringe-pump method. Elemental analyses were per-
formed in the Micro Analytical Laboratory, Department of Chemistry,
and National University of Singapore.


Synthesis of [Zn ACHTUNGTRENNUNG(bpe)2ACHTUNGTRENNUNG(H2O)4]ACHTUNGTRENNUNG(NO3)2·8/3H2O·2/3bpe (1): Zn-
ACHTUNGTRENNUNG(NO3)2·6H2O (12 mg, 0.041 mmol) was dissolved in 0.6 mL of H2O and
carefully layered with 0.6 mL of an ethanolic solution of bpe (15 mg,
0.082 mmol). Colorless block crystals formed after three days and were
decanted and dried in air. Yield: 27 mg (56%); 1H NMR (300 MHz,
[D6]DMSO, 25 8C, TMS): d=8.60 (d, 4H, Py-H), 7.61 (d, 4H, Py-H),
7.53 ppm (s, 2H, CH=CH); 13C NMR (300 MHz, [D6]DMSO, 25 8C,
TMS): d=150.52 (C-Py), 143.82 (C-Py), 131.00 (C=C), 121.67 ppm (C-


Py); IR (KBr): ñ=3433(w), 1597(s), 1553(w), 1502(w), 1408(m), 1383(s),
1204(w), 1068(w), 1026(w), 992(m), 827(s), 552(s) cm�1; elemental analy-
sis calcd (%) for C32H40N7.33O12.67Zn: C 48.32, H 5.07, N 12.91; found: C
48.58, H 4.95, N 12.69.


UV Irradiation of 1: In a typical experiment 1 (ca. 10 mg) was packed be-
tween two Pyrex glass slides and irradiated in a Luzchem photoreactor
(8 W dark blue phosphor lamps, measured intensity ca. 1.75 mWcm�2) at
350 nm. Single crystals, dehydrated crystals, crushed crystals, and samples
manually powdered in a pestle and mortar for 5, 10, and 20 min were ex-
posed to UV light for 0.5, 1, 2, 4, 15, and 25 h. 1H NMR (300 MHz,
[D6]DMSO, 25 8C, TMS): d=8.50 (d, 4H, Py-H for 2b), 8.33 (d, 4H, Py-
H for 2a), 7.40 (d, 4H, Py-H for 2b), 7.21 (d, 4H, Py-H for 2a), 4.65 (s,
4H, CHCH for 2a), 3.85 ppm (s, 4H, CHCH for 2b); 13C NMR
(300 MHz, [D6]DMSO, 25 8C, TMS): d=149.57 (C-Py for 2a), 148.62 (C-
Py for 2b), 123.69 (C-Py for 2a), 123.00 (C-Py for 2b), 49.14 (CHCH for
2b), 44.70 ppm (CHCH for 2a); IR (KBr): ñ=1606(m), 1556(w),
1503(w), 1383(s), 1224(w), 827(m) 551(m) cm�1.


Crystal structure determination : Intensity data for 1 were collected on a
Bruker APEX diffractometer equipped with a CCD detector and graph-
ite-monochromated MoKa radiation by using a sealed tube (2.4 kW) at
223 K. Absorption corrections were made with the program SADABS[24]


and the crystallographic package SHELXTL[25] was used for all calcula-
tions. Crystal data for 1: triclinic, space group P1̄, a=9.5695(5), b=


14.5702(8), c=20.6012(11) K, a=87.089(1), b=82.869(1), g=75.540(1)8,
V=2759.3(3) K3, 1calcd=1.434 gcm�1, and Z=3. In the final least-squares
refinement cycles on jF j 2, the model converged at R1=0.0436, wR2=
0.1097, GoF=1.047 for 7784 (I�2s(I)) reflections. The two ethylenic
carbon atoms were disordered in two sites with occupancies of 0.6 and
0.4. CCDC 631391 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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ray, Chem. Commun. 2005, 3974–3976; c) G. S. Papaefstathiou, Z.
Zhong, L. Geng, L. R. MacGillivray, J. Am. Chem. Soc. 2004, 126,
9158–9159; d) D. B. Varshney, X. Gao, T. T. Friščić, L. R. MacGilliv-
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Introduction


The quest for novel stereoselective multicomponent reac-
tions (MCRs) with metal-free organic molecules as catalysts
is a continuing challenge at the forefront of synthetic
chemistry.[1] Organocatalytic reactions are currently very
much en vogue, as the term implies a connotation of ecolog-
ically benign, green chemistry. In addition, impressive new
results have been achieved over the past few years, which
has triggered a dramatic increase in publications.[2] Related
to this topic is the catalysis of synthetic transformations by


hydrogen-bond donors and organic Brønsted acids.[3] Orga-
nocatalytic domino processes are appealing because the pu-
rification of intermediates can be avoided.[4] Today, MCRs
represent ideal strategies for the preparation of complex
structures from unstable and inseparable reaction intermedi-
ates and are particularly attractive for both natural product
and diversity-oriented syntheses (DOS).[5] However, to date
there are only a few reports of organocatalytic multicompo-
nent Diels–Alder reactions for the synthesis of stereochemi-
cally complex compounds and of spirocyclic derivatives with
quaternary carbon centers in a stereocontrolled manner.
In our search for “green” odorants of the perilla aldehyde


family,[6] we were interested in the development of multi-
component reactions to provide cyclohexenecarbaldehyde
derivatives, in particular those bearing unsaturated substitu-
ents in their 4-positions, which are found in several natural
terpenoid products of biological and olfactory interest
(Figure 1).[7]


It has been known for a long time that simple aldehydes
can be methylenated with formaldehyde in the presence of
variable amounts of dialkylammonium salts to afford 2-sub-
stituted acroleins.[8,9] Mannich-type a-methylenation/Diels–
Alder domino processes with simple aldehydes have been


Abstract: This article describes the
design and optimization of an effective
organocatalytic three-component
domino a-methylenation/Diels–Alder
reaction to produce vinyl-substituted
cyclohexenecarboxaldehydes in a
highly regioselective fashion. In these
one-pot transformations, 2-formyl-1,3-
butadienes (4) were prepared in situ
from a,b-unsaturated aldehydes and
formalin and were subsequently trap-
ped with a variety of buta-1,3-dienes.
The outcomes of the reactions were de-
pendent on the electronic properties of
the dienes. 1-Vinylcyclohexenecarbal-
dehydes 6 were formed by use of acy-


clic electron-rich dienes, while the ini-
tially formed cycloadducts of 4 with cy-
clopentadiene underwent Cope rear-
rangements, leading to the formation
of tetrahydro-3H-indene-5-carbalde-
hyde compounds 7. The mechanisms
involved in these reactions were de-
duced from experimental findings. Fur-
thermore, the method was also extend-
ed to one-pot domino methylenation/
Diels–Alder reactions of dihydrofurans


and dihydropyrans to yield spirocyclic
lactols 22. In these reactions, the unsta-
ble intermediate hydroxyethyl and hy-
droxypropyl acroleins behaved as dien-
ophiles, undergoing cycloaddition reac-
tions with dienes with good yields and
selectivities. The wide variety of func-
tionalized 1-vinylcyclohex-3-enecarbal-
dehydes 6, 4-vinylcyclohex-1-enecarbal-
dehydes 7, and spiro lactols 22 generat-
ed through the use of these organoca-
talytic domino processes as a diversity-
oriented synthesis provided useful in-
termediates for the construction of
novel odorants.
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reported.[10a] In recent years, several interesting domino re-
actions that incorporate Knoevenagel-type a-methylenation
and Diels–Alder reaction sequences have been develo-
ped.[10b–d] Yamamoto and co-workers reported elegant a-
methylenation/Diels–Alder domino reactions of ketones,
promoted by ammonium salts generated in situ from dia-
mines and alkoxymethyl chlorides.[10d]


Here we present a detailed account of the design and de-
velopment of large-scale one-pot organocatalytic multicom-
ponent a-methylenation/Diels–Alder reactions to provide 2-
and 4-vinylcyclohexenecarbaldehyde derivatives, which are
difficult to obtain by other methods. The protocol allows the
facile one-pot synthesis of perilla aldehyde (1) and b-bisabo-
lenal (2). As an extension of our work, we also describe the
domino hydrolyses, a-methylenations, and stereoselective
Diels–Alder reactions of 2,3-dihydrofurans and 3,4-dihydro-
pyrans for the synthesis of spirofurans and spiropyrans.


Results and Discussion


According to the retrosynthetic analysis of 4-vinylcyclohexe-
necarbaldehydes 7, 2-formylbuta-1,3-diene (4) is the key in-
termediate for the transformation (Scheme 1). Pummerer
et al. had previously described the in situ preparation and
rapid dimerization of formyl butadiene 4 in the synthesis of
para-diprenal (8) (Scheme 2).[11a] Treatment of formyl buta-
diene 4 with electron-poor methyl acrylate to afford 9 had
also been reported.[11b] In both cases, the unstable 2-formyl-
buta-1,3-diene 4 was generated by base-catalyzed (sodium
hydroxide or pyridine) cross-condensation of a,b-unsaturat-
ed aldehydes 10 and aqueous formalin solution or parafor-
maldehyde. The reactions may proceed through an aldol-
Mannich- or a Baylis–Hillman-like[12] condensation process-
es for which the isolation of hydroxy aldehyde 11 from a
continuous microwave process provides evidence.[12c]


We reckoned that Diels–Alder reactions of 4 prepared in
this way with dienes 5 should result in 1-vinylcyclohex-3-
enecarbaldehydes 6, which might then undergo Cope rear-
rangements to afford 4-vinylcyclohex-1-enecarbaldehydes
7.[13] It was also anticipated that the domino reaction might
be carried out as an organocatalytic multicomponent reac-
tion with a secondary amine as a catalyst. This assumption
was based on the premise that the cross-condensations of


a,b-unsaturated aldehydes 10 and formaldehyde to give 4,
followed by their Diels–Alder reactions with 5, are believed
to proceed more rapidly than the competitive Diels–Alder
reactions between 10 and dienes 5 : to a first approximation,
alkyl substitution increases the energy of the LUMOdienophile.
Since this effect is more pronounced for a substituent in the
b-position of a dienophile than for one in the a-position,
vinyl-acrolein 4 should react more rapidly than crotonalde-
hyde (10a) if the reaction is controlled by the dominant
HOMOdiene–LUMOdienophile orbital interaction of normal
Diels–Alder cycloadditions.[14] Furthermore, Spino and Dory
have shown that electron-poor dienes react with electron-
rich dienes in cross-Diels–Alder reactions to form exclusive-
ly the normal Diels–Alder cycloadducts. Well-developed
C2PC3 p bonds in the butadiene parts of the transition
states of related Diels–Alder reactions have been said to be
the reason for the high reactivities of electron-poor
dienes.[15]


Our organocatalytic domino strategy was first evaluated
with crotonaldehyde (10a), 2-methylpenta-1,3-diene (5a),
formalin, and pyridine, together with a series of amines and
ammonium salts 13–18 as catalysts (Table 1). The domino
reaction was unsuccessful when pyridine (pKa of the conju-
gated acid 5.2) was used at 100 8C, and the predominant for-
mation of the normal Diels–Alder adducts 12a was ob-
served (entry 1). As the speed of a Mannich reaction de-
pends both on the presence of a free amine and on the for-
mation of iminium salts as precursors for the Mannich base
formation, the less acidic ammonium salts formed from sec-


Figure 1. Selected examples of natural products containing 4-vinylcyclo-
hex-1-enecarbaldehyde units.


Scheme 1. Possible routes to 4-vinylcyclohexenecarbaldehyde derivatives.


Scheme 2. Reaction behavior of unstable 2-formyl-1,3-butadiene (4).
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ondary amines should better meet these requirements and
catalyze the a-methylenation of 10 with aqueous formalde-
hyde at lower temperature. However, hydrochloride 14
(pKa 11.3) proved similarly ineffective in generating 6a
(entry 4), but use of the less dissociated ammonium salt 15
finally produced compound 6a with full conversion in 55%
isolated yield (entry 7). Likewise, homomyrcene (5b) react-
ed to afford adduct 6b in 49% isolated yield (entry 10); the
distal double bond was not attacked under these mildly
acidic conditions. In the absence of an acidic co-catalyst, the
reaction mixture polymerized without any formation of the
desired product (entry 8). Importantly, the mode of addition
of the substrates is quite significant: while 10a exothermally
polymerized in the presence of catalyst 15, the addition of
15 to a mixture of 10a and aq. formalin led to no such de-
composition, and the exclusive formation of domino process
product 6a commenced even at room temperature, although
with low levels of conversion (entry 3).


As might be expected, use both of l-proline (17, entry 2)
and of MacMillanNs catalyst (18, entry 9) led to the forma-
tion of 6a without any optical induction.[17] Pihko and co-
workers have recently systematically optimized the organo-
catalytic a-methylenation of simple aldehydes with aqueous
formaldehyde.[9a,b] Kinetic experiments indicated that the re-
actions are of second order in the catalyst concentration,


which implies a mechanism of double activation of the alde-
hyde components by intermediate enamine/iminium species.
We assume that in the present case (Scheme 3), the hydro-


lytic pathway from intermediate iminium species V to VII
(path A) is faster than the pyrrolidine elimination to IX
(path B). For this reason, relatively high temperatures are
necessary to promote the Diels–Alder reaction of VII. This
reasoning also offers an explanation for the formation of
rac-6a in the case when l-proline is used as catalyst: the
Diels–Alder reaction occurs only after the corresponding
enantioselectivity-inducing l-proline iminium species has
been hydrolyzed to VI.
It soon turned out that this multicomponent protocol


could be widely extended to different unsaturated aldehydes
and dienes. The outcomes of the reactions largely depended
both on the structures of the starting materials and on the
reaction parameters. From the experimental findings, the re-
actions may be classified according to the electronic proper-
ties of the dienes, as detailed below.


Domino reactions with electron-rich acyclic dienes : In order
to investigate the scope and limitations of these reactions,


Table 1. Organocatalytic domino a-methylenation/Diels–Alder reactions
of 5a–b, 10a, and formaldehyde.[a]


Entry Diene Catalyst T [8C] Product ratio[b] Conv. [%][b] Yield
[%][c]


6 12


1 5a 13 100 7 93 6 –
2 5a 17 25 100 0 10 8[d]


3 5a 15 25 100 0 5 –
4 5a 14 25 0 100 17 –
5 5a 17 80 48 52 11 –
6 5a 15 80 95 5 57 –
7 5a 15 100 90 10 100 55[e]


8 5a 16 100 – – – –[f]


9 5a 15+18 60 83 17 19 10[d]


10 5b 15 100 92 8 100 49[g]


[a] Experimental conditions: a mixture of 5a/5b (2.5 mmol), 10a
(2.0 mmol), formaldehyde (40% aq., 2.2 mmol), and a catalyst
(0.2 mmol) in a sealed tube was stirred for 16 h at the temperature dis-
played in the table. [b] The degree of conversion and the product ratio
were determined from the 300 MHz 1H NMR spectrum of the crude re-
action mixture. [c] Isolated yield of 6a/6b after bulb-to-bulb distillation.
[d] 0% ee. [e] endo/exo 78:22. [f] Polymerized. [g] endo/exo 80:20.


Scheme 3. Proposed catalytic cycle for the organocatalytic triple enam-
ine/iminium/iminium activation of aldehydes in domino a-methylenation/
Diels–Alder reaction sequences in one pot.
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the electron-rich diene 5a was treated with a,b-unsaturated
aldehydes 10a–e under standard reaction conditions. All re-
actions proceeded with moderate to good yields and high
endo selectivities to give exclusively products 6 without de-
tection of any Cope rearrangement products 7
(Scheme 1).[18] Notably, sorbic aldehyde 10e also yielded cy-
clohexenecarbaldehyde product 6 f with diene substitution
(Table 2).


Domino reactions with electron-rich cyclic 1,3-dienes : To
explore the reactivities of 2-formylbuta-1,3-dienes further,
their DA reactions with cyclopentadienes were examined.
Cyclopentadienes are also regarded as electron-rich dienes,
and the sequences proceeded with even better regio- and
face selectivities. Several a,b-unsaturated aldehydes were
treated with formaldehyde in the presence of cyclopenta-
dienes (Table 3) to generate the corresponding (� )-tetrahy-
dro-3H-indene-5-carbaldehyde derivatives 7g–j in accepta-
ble yields. The marked difference from the reactions with
noncyclic dienes is the facile Cope rearrangements of the in-
itially formed exo-DA adducts 6 (Scheme 1) into aldehydes
7. Crotonaldehyde (10a), for instance, reacted cleanly in a
multicomponent methylenation/Diels–Alder/Cope cascade
to afford aldehyde 7g in 43% isolated yield after simple dis-
tillation. Cope rearrangements of similar vinylbicyclohep-
tene systems have been reported to proceed under mild con-
ditions,[19] and we never detected the normal-electron-
demand Diels–Alder products 6 as intermediates in the for-
mation of 7. Although we believe that these Cope rear-
rangements occur at temperatures around 30 8C,[20] the possi-
bility of the alternative inverse Diels–Alder pathway
(Scheme 1) between 4 and cyclopentadiene cannot be ex-
cluded (see below). The products 7g–j display interesting
powerful green, melon, and almond-type odors.[21]


Domino reactions with electron-poor dienes : While the
domino processes resulted in the formation of either 6 or 7


with exclusive regioselectivities when electron-rich dienes
were used, less substituted, electron-poor dienes gave rise to
mixtures of 6 and 7 (Table 4).[13] Notably, when isoprene was
treated with crotonaldehyde, perilla aldehyde (1)[7b] was iso-
lated in low yield (entry 3). Treatment of crotonaldehyde
with myrcene produced b-bisabolenal (2, entry 5), a constit-
uent of various precious essential oils.[7c–e] This natural prod-
uct had previously been synthesized in a 22-step sequence[7a]


and is now easily available from inexpensive starting materi-
als by this one-pot protocol.


In order to increase the proportions of a,b-unsaturated
products 7 and to clarify the mechanism of their formation,
efforts were made to convert 1-vinylcyclohex-3-enecarbalde-
hydes 6 by Cope rearrangement. Unfortunately, both ther-
mal and transition-metal-catalyzed Cope rearrangements of
6 in solution failed due to decomposition of the starting ma-
terials. However, the gas-phase pyrolysis of 6k at 400 8C re-
sulted in rearrangement to 7k, but only to a minor extent


Table 2. Catalytic domino a-methylenation/Diels–Alder reactions of a,b-
unsaturated aldehydes with electron-rich dienes.[a]


Entry R1 R2 R3 Product endo/exo[b] Yield
[%][c]


1 10a H H H 6a 78:22 55
2 10b H H Me 6c 75:25 62
3 10c Et H H 6d 77:23 71
4 10d Me Me H 6e 88:12 52
5 10e CH3CH= H 6 f[d] 76:24 42


[a] Experimental conditions: a mixture of 5a (2.5 mol), 10a–e (2 mol),
formaldehyde (40% aq., 2.2 mol), and a catalyst (0.2 mol) without an ad-
ditional solvent in an autoclave was stirred at 100 8C for 16 h. [b] The
ratio of endo/exo isomers was determined by GC and NOESY 1H NMR
spectra. [c] Isolated yield after distillation. [d] R2=vinyl.


Table 3. Catalytic domino a-methylenation/Diels–Alder reactions of
compounds 5, 10, and formaldehyde.[a]


Entry R1 R2 X Product Yield
[%][b]


1 10a H H 5c 2H 7g 43
2 10a H H 5d C ACHTUNGTRENNUNG(CH3)2 7h 42
3 10b Me H 5c 2H 7 i 35
4 10c H Et 5c 2H 7j 42


[a] Experimental conditions: a mixture of 5c/5d (2.5 mol), 10a–c (2 mol),
formaldehyde (40% aq., 2.2 mol), and catalyst 15 (0.2 mol), without any
additional solvent, was stirred in an autoclave at 100 8C for 16 h. [b] Iso-
lated yield after distillation or column chromatography.


Table 4. Catalytic domino a-methylenation/Diels–Alder reactions of a,b-
unsaturated aldehydes with electron-poor dienes.[a]


Entry R1 R2 Product Ratio 6/7 Yield
[%][b]


1 5e H 10a H 6k 7k 60:40 43
2 5e H 10b Me 6 l 7 l 65:35 54
3 5 f Me 10a H 6m 1 80:20 31
4 5 f Me 10b Me 6n 7n 92:8 46
5 5g MP[c] 10a H 6o 2 80:20 45


[a] Experimental conditions: a mixture of 5e–g (2.5 mol), 10a/10b
(2 mol), formaldehyde (40% aq., 2.2 mol) and catalyst 15 (0.2 mol) was
stirred in an autoclave at 100 8C for 16 h. [b] Isolated yields of 6 and 7
after distillation. [c] MP=4-methylpent-3-enyl.
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(Scheme 4). The major product was hydrocarbon 19, which
had regioselectively formed by cheletropic decarbonyla-
tion.[22] In general, sterically more hindered aldehydes 6 un-


derwent this preparatively useful decarbonylation reaction.
For instance, pyrolysis of 6n led to a mixture of terpinolene
(20a) and isosylveterpinolene (20b) in 60% yield; the latter
compound was recently identified as an important constitu-
ent of the top note of black pepper oil.[23] From these find-
ings it can be concluded that, in contrast with the facile
Cope rearrangements of intermediate bicyclic carbaldehydes
(Table 3), the formation of monocyclic cyclohexenes 7 is
rather brought about by inverse-DA reactions.


Domino reactions with dihydrofurans and dihydropyrans :
With this indication of inverse-DA reactions being the un-
derlying mechanism, a one-pot reaction between 4 and ethyl
vinyl ether was attempted. This, however, generated 4-
ethoxycyclohex-1-enecarbaldehyde only in small amounts.[24]


Treatment of 4 with dihydrofuran 21a and dihydropyran
21b also failed to induce inverse-electron-demand Diels–
Alder reactions.[25] In situ hydrolysis of these vinyl ethers to
hydroxyalkyl acroleins under the standard reaction condi-
tions may be responsible for the observed decomposition. a-
Hydroxyethyl- and -hydroxypropylacroleins (Table 5; com-
pounds C) are instable a,b-unsaturated aldehydes and have
never been isolated in pure form.[9b] Firstly, they are difficult
to extract from aqueous solutions, and secondly, they easily
form aldol and polymerization products.
Consequently, they have hardly ever been used in synthet-


ic chemistry. In contrast, the Baylis–Hillman reaction makes
shorter hydroxymethyl acroleins and derivatives available
for wide use in organic chemistry.[12] We hoped to extend
the in situ methylenation/DA reactions of hydroxyethyl and
hydroxypropyl acroleins to spirocyclic compounds. Indeed,
both 2,3-dihydrofuran (21a) and 3,4-dihydro-2H-pyran
(21b) underwent domino hydrolysis/methylenation/DA reac-
tions smoothly to form spirolactols 22a–h with moderate to
good yields according to the conditions described in Table 5.
The domino hydrolysis/methylenation/DA reactions were
also tolerant to different dienes. The endo/exo selectivities
of the lactols were determined by GC and from the NMR
spectra of spirolactones 23, which were conveniently pre-
pared by PCC oxidation. As anticipated, reactive electron-


rich dienes gave the best yields and selectivities both with
the 2,3-dihydrofuran (entries 1–3) and with 3,4-dihydro-2H-
pyran (entries 6–8). Formation of the endo adducts was pre-
ferred with electron-rich acyclic dienes (entries 1, 2, 5, 6),
whereas exo selectivities were observed with cyclopenta-
dienes (entries 3, 7). For less activated dienes such as iso-
prene, the spirolactol products were also formed in moder-
ate yields with para regioselectivity (entry 4). Although
products 22a–h display weak green and floral odors, their
corresponding lactones such as 23e display interesting long-
lasting earthy, woody, patchouli-like, balsamic type odors,


Scheme 4. Cope rearrangement and pyrolysis of 6k and 6n.


Table 5. Catalytic domino hydrolysis/a-methylenation/Diels–Alder reac-
tions of 2,3-dihydrofuran (21a) and 3,4-dihydro-2H-pyran (21b) with di-
enes.[a]


Entry Diene Product endo/exo[b] Yield
[%][c]


1 21a 5a 22a 92:8 83


2 21a 5b 22b 88:12 79


3 21a 5c 22c 22:78 71


4 21a 5 f 22d 73:27[d] 43


5 21b 5a 22e 90:10 78


6 21b 5b 22 f 91:9 76


7 21b 5c 22g 18:82 69


8 21b 5e 22h – 61


[a] Experimental conditions: a mixture of 5a–f (2.5 mol), 21a or 21b
(2 mol), formaldehyde (40% aq., 2.2 mol), pyrrolidine (0.2 mol), and pro-
pionic acid (0.4 mol) was stirred at 100 8C in a 2.5 L autoclave for 16 h.
[b] endo/exo ratios were determined by GC and 1H NMR spectroscopic
data for the corresponding spirolactone. [c] Isolated yield after distilla-
tion or column chromatography. [d] Ratio of para and meta regioisomers.
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whereas spirolactone 23a was also claimed recently for its
fresh, green odor.[26]


Conclusion


In summary, we have described a general organocatalytic
multi-component a-methylenation/Diels–Alder reaction se-
quence with which to obtain substituted cyclohexenecarbal-
dehydes in a highly selective fashion and in one-pot manner
from a,b-unsaturated aldehydes, butadienes, and formalde-
hydes. We have also demonstrated a three-component orga-
nocatalytic domino hydrolysis/a-methylenation/Diels–Alder
reaction sequence using a similar protocol to access spirolac-
tols. The endo/exo selectivities of the spirolactols were deter-
mined by the stereochemical analysis of their PCC oxidation
products. Such a one-pot spirolactol formation process pro-
vides a practical tool with which to gain access to spirofur-
ans and spiropyrans in good yields. Overall, the domino
methylenation/DA process is quite general and can be per-
formed on large scales. It tolerates the use of a wide variety
of aldehydes and dienes with different electronic character-
istics. This organocatalytic MCR is particularly well adapted
for applications in diversity-oriented synthesis of vinylcyclo-
hexenecarboxaldehyde derivatives and 2-oxaspiroACHTUNGTRENNUNG[4.5]dec-7-
ene and 2-oxaspiroACHTUNGTRENNUNG[5.5]undec-8-ene derivatives as novel
odorants in the green and fruity olfactory family.


Experimental Section


General : 1H and 13C NMR spectra were recorded with Bruker AW 300,
DPX 400, or Avance 500 instruments in CDCl3 or C6D6. Chemical shifts
in CDCl3 or [D6]benzene are reported in d (ppm) relative to tetramethyl-
silane (TMS), chloroform, or benzene as internal reference unless other-
wise stated. In the 13C NMR spectra, the natures of the carbons (C, CH,
CH2, or CH3) were determined by recording of DEPT 90 and DEPT 135
experiments, and are given in parentheses. The following abbreviations
are used: s= singlet, d=doublet, t= triplet, q=quartet, m=multiplet,
dd=double doublet, br s=broad singlet, sept= septet. Solvents for ex-
traction and chromatography were technical grade and were used without
further purification. Flash chromatography was performed with Tsingdao
Haiyang Chemical silica gel (200–300 mesh). Unless otherwise noted, a
hexane/MTBE mixture (50:1) was used as eluent. IR spectra were re-
corded with a Bruker Tensor 27 instrument. High-resolution MS were ob-
tained with a Finnigan MAT 95 machine. GC/MS spectral data were ob-
tained with Agilent 6890 N and MSD 5975 instruments and use of a HP-5
MS column (30 m, 0.25 mm, 0.25 mm). All reactions were carried out in
100 mL or 2.5 L autoclaves unless otherwise stated. The enantiomeric
excess (ee) of 6a was determined by GC in relation to the corresponding
racemic samples with the aid of an MN Lipodex-E column (25 mQ
0.25 mm, program 80 8C to 150 8C, 2 8Cmin�1, helium carrier pressure
13.2 psi, FID detection (250 8C).


Materials : All solvents and commercially available chemicals were used
as received. Diene 5c was freshly cracked from the corresponding dimer.
Diene 5d[27] and MacMillan catalyst 18[28] were prepared by literature
procedures.


Typical experimental procedure for the catalyst screening : A mixture of
a,b-unsaturated aldehyde 10a (0.18 g, 2.5 mmol), 2-methylpenta-1,3-
diene (5a, 0.16 g, 2.0 mmol), formaldehyde (40% aq., 2.4 mmol), and a
catalyst (0.2 mmol) was stirred in a sealed tube without an additional sol-
vent for 16 h at the temperature displayed in the table. Conversion into


6a was monitored by 1H NMR, through integration of the aldehyde
CHO peaks (d=9.48, 9.52 ppm for 10a, 9.50 ppm for 6a).


Typical experimental procedure for organocatalytic domino methylena-
tion/DA reactions : A mixture of pyrrolidine (16.0 g, 0.22 mol) and pro-
pionic acid (17.0 g, 0.23 mol) was added to a mixture of a,b-unsaturated
aldehyde 10 (2.36 mol), diene 5 (4.41 mol), and formalin (40% in water,
200 g, 2.46 mol). The mixture was placed in an autoclave and heated at
100 8C for 16 h, and was then allowed to cool to room temperature, dilut-
ed with sat. NaHCO3, and extracted three times with MTBE (200 mL).
The combined organic layers were washed with brine (200 mL), dried
(MgSO4), and evaporated in vacuo. The residue was purified by distilla-
tion or column chromatography on silica gel, eluent: hexane/MTBE
(50:1). The regioselectivities and endo/exo ratios were determined by 2D
NMR measurements.


Typical experimental procedure for pyrolysis : A solution of 1-(prop-1-en-
2-yl)cyclohex-3-enecarbaldehyde (6n ; 5 g) in toluene (20 mL) was trans-
ferred dropwise over 30 min into a quartz tube heated to 400–450 8C by a
tube oven. A gentle stream of argon was applied to prevent oxidation
and reflux of the reaction mixture. The pyrolysate was collected in a cold
trap at �78 8C and concentrated. The residue was distilled bulb to bulb
to give a mixture of 20a and 20b (3 g).


General experimental procedure for organocatalytic domino hydrolysis/
methylenation/DA reactions : A mixture of pyrrolidine (16.0 g, 0.22 mol)
and propionic acid (34.0 g, 0.44 mol) was added to a mixture of 2,3-dihy-
drofuran (21a) or 3,4-dihydro-2H-pyran (21b) (2.36 mol), diene 5
(4.41 mol), and formalin (40% in water, 200 g, 2.46 mol). The mixture
was placed in an autoclave and heated to 100 8C for 16 h. The reaction
mixture was allowed to cool to room temperature, diluted with sat.
NaHCO3, and extracted three times with MTBE (200 mL). The com-
bined organic layers were washed with brine (200 mL), dried (MgSO4),
and evaporated in vacuo. The residue was purified by distillation or
column chromatography (silica gel, mixture of hexane and MTBE).


General experimental procedure for oxidation of spirolactols : PCC
(0.06 mol) was added in four portions over 1 h to a solution of a spirolac-
tol 22a–h (0.03 mol) in CH2Cl2 (50 mL). The mixture was vigorously
stirred for 2 h until completion of the reaction. Hexane (50 mL) was then
added, the precipitate was filtered off, and the filtrate was concentrated
under reduced pressure. The crude spirolactone product was purified by
bulb-to-bulb distillation.


2,4-Dimethyl-1-vinylcyclohex-3-enecarbaldehyde (6a): This compound
was purified by distillation under reduced pressure to yield 6a (213 g,
55%) as a colorless liquid. Odor description: green, fresh, camphora-
ceous. B.p. 50–53 8C/0.15 mbar; endo/exo 78:22; endo isomer: 1H NMR
(400 MHz, C6D6): d=9.39 (s, 1H; CHO), 5.61 (dd, J =10.9, 17.7 Hz, 1H;
CH=CH2), 5.20–5.18 (m, 1H; 3-H), 5.07 (d, J =10.9 Hz, 1H; CH=


CHcHt), 5.96 (d, J=17.7 Hz, 1H; CH=CHcHt), 2.26–2.18 (m, 1H; 2-H),
1.91–1.56 (m, 4H), 1.49 (br s, 3H; 4-CH3), 0.87 ppm (d, J =7.1 Hz, 3H; 2-
CH3);


13C NMR (100 MHz, C6D6): d=200.9 (d; CHO), 138.7 (d; CH=


CH2), 133.5 (s; C-4), 124.9 (d; C-3), 116.9 (t; CH=CH2), 54.0 (s; C-1),
34.8 (d; C-2), 27.0 (t; C-5), 25.1 (t; C-6), 23.0 (q; 4-CH3), 16.8 ppm (q; 2-
CH3); IR (neat): ñ =2965, 2933, 2729, 1722, 1631, 1451, 921 cm�1; GC/MS
(EI), major endo isomer: 164 [M]+ (11), 149 (10), 135 (22), 107 (51), 93
(38), 82 (100), 67 (86), 55 (24), 41 (26); HRMS (EI): m/z : calcd for
C11H16O: 164.1201; found: 164.1192.


2-Methyl-4-(4-methylpent-3-enyl)-1-vinylcyclohex-3-enecarbaldehyde
(6b): This compound was purified by distillation under reduced pressure
to yield a colorless liquid (268 g, 49%). Odor description: muguet, fruity.
B.p. 122–125 8C/0.075 mbar; endo/exo 80:20; endo isomer: 1H NMR
(300 MHz, CDCl3): d=9.49 (s, 1H), 5.76 (dd, J=17.7, 10.9 Hz, 1H),
5.37–5.33 (m, 2H), 5.27 (d, J =10.9 Hz, 1H), 5.08 (d, J =17.7 Hz, 1H),
2.55–2.43 (m, 1H), 2.09–2.65 (m, 8H), 1.67 (s, 3H), 1.58 (s, 3H),
1.00 ppm (d, J =7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=203.0 (d),
138.3 (d), 137.5 (s), 131.4 (s), 124.4 (d), 124.0 (d), 117.4 (t), 54.3 (s), 37.3
(t), 34.7 (d), 26.4 (t), 25.7 (q), 25.3 (t), 25.0 (t), 17.7 (q), 17.2 ppm (q); IR
(neat): ñ=2964, 2925, 1734, 1450, 1377, 1105, 922, 835, 724 cm�1; GC/MS
(EI): m/z (%): 232 [M]+ (5), 217 (6), 203 (14), 189 (12), 171 (6), 150 (22),
135 (20), 119 (23), 107 (100), 91 (35), 79 (30), 69 (92), 55 (28), 41 (68);
HRMS (EI): m/z : calcd for C16H24O: 232.1827; found: 232.1833.
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2,4-Dimethyl-1-(prop-1-en-2-yl)cyclohex-3-enecarbaldehyde (6c): This
compound was purified by distillation under reduced pressure to yield a
colorless liquid (260 g, 62%). Odor description: floral, woody, earthy.
B.p. 62–65 8C/0.15 mbar; 1H NMR (300 MHz, CDCl3): d=9.40 (s, 1H),
5.35–5.32 (m, 1H), 5.15 (s, 1H), 4.89 (s, 1H), 2.75–2.63 (m, 1H), 2.07–
1.70 (m, 4H), 1.70 (s, 3H), 1.60 (s, 3H), 1.00 ppm (d, J=7.1 Hz); 13C
NMR (75 MHz, CDCl3): d=202.8 (d; CHO), 141.8 (s; CH2=CCH3), 133.5
(s; 4-C), 124.9 (d; 3-C), 116.0 (t; CH2=CCH3), 57.6 (s; 1-C), 32.0 (d; 2-C),
27.2 (t; 5-C), 23.2 (q; 4-CH3), 22.8 (t; 6-C), 20.0 (q; CH2=CCH3),
17.3 ppm (q; 2-CH3); IR (neat): ñ =2966, 2693, 1721, 1636, 1447, 1378,
900 cm�1; GC/MS (EI): m/z (%): 178 [M]+ (54), 163 (28), 149 (74), 136
(35), 121 (58), 107 (60), 91 (53), 82 (100), 67 (84), 55 (15), 41 (33);
HRMS (EI): m/z : calcd for C12H18O: 178.1358; found: 178.1372.


1-(But-1-enyl)-2,4-dimethylcyclohex-3-enecarbaldehyde (6d): This com-
pound was purified by distillation under reduced pressure to yield a col-
orless liquid (322 g, 71%). Odor description: fruity, apple-like, floral.
Four isomers in a ratio of 5:2:7:1. B.p. 112–115 8C/0.12 mbar. 1H NMR
(300 MHz, CDCl3): d=9.62, 9.53, 9.45, 9.36 (4 s, 1H), 5.60–5.14 (m, 3H),
2.63–2.33 (m, 1H), 2.13–1.61 (m, 9H), 1.01–0.90 ppm (m, 6H); 13C NMR
(75 MHz, CDCl3): major isomer: d=203.3 (d), 137.3 (d), 134.6 (s), 129.0
(d), 124.1 (d), 53.3 (s), 36.6 (d), 27.3 (t), 27.1 (t), 23.3 (q), 22.7 (t), 17.2
(q), 14.1 ppm (q); IR (neat): ñ=1964, 2874, 2711, 1721, 1451 cm�1; GC/
MS (EI): m/z (%): 192 [M]+ (20), 163 (20), 135 (13), 121 (16), 107 (35),
93 (24), 82 (100), 67 (46), 55 (18), 41 (20); HRMS (EI): m/z : calcd for
C13H20O: 192.1514; found: 192.1526.


2,4-Dimethyl-1-(2-methylprop-1-enyl)cyclohex-3-enecarbaldehyde (6e):
This compound was purified by distillation under reduced pressure to
yield a colorless liquid (235 g, 52%). Odor description: fruity, apple,
rose-petal, watery. B.p. 88–92 8C/0.12 mbar; 1H NMR (300 MHz, CDCl3):
d=9.42 (s, 1H), 5.29–5.27 (m, 1H), 4.95 (s, 1H), 2.34–2.24 (m, 1H), 1.90–
1.70 (m, 4H), 1.71 (s, 3H), 1.61 (s, 3H), 1.49 (s, 3H), 0.85 ppm (d, J =


7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=203.3 (d), 137.6 (s), 134.6
(s), 124.8 (d), 124.1 (d), 52.9 (s), 36.9 (d), 27.4 (t), 27.1 (q), 23.3 (q), 21.9
(t), 18.6 (q), 17.3 ppm (q); IR (neat): ñ =2912, 2712, 1721, 1449, 1378,
821 cm�1; GC/MS (EI): m/z (%): 192 [M]+ (63), 177 (21), 163 (31), 135
(19), 121 (27), 107 (69), 95 (35), 82 (100), 67 (46), 55 (14), 41 (23);
HRMS (EI): m/z : calcd for C13H20O: 192.1514; found: 192.1508.


1-(Buta-1,3-dienyl)-2,4-dimethylcyclohex-3-enecarbaldehyde (6 f): This
compound was purified by column chromatography to yield a yellowish
liquid (188 g, 42%). Odor description: fruity, apple, mild floral. Four iso-
mers in a ratio of 9:5:2:1. 1H NMR (300 MHz, CDCl3): d =9.62, 9.52,
9.48, 9.39 (4s, 1H), 6.44–6.01 (m, 2H), 5.63–5.05 (m, 4H), 2.62–2.40 (m,
1H), 1.95–1.60 (m, 7H), 0.99, 0.98, 0.92, 0.91 ppm (4d, J =7.1 Hz, 3H);
major isomer: 13C NMR (75 MHz, CDCl3): d=202.1 (d), 136.7 (d), 134.1
(s), 134.0 (d), 133.3 (d), 124.6 (d), 117.4 (t), 53.6 (s), 35.2 (d), 27.1 (t),
25.0 (t), 23.3 (q), 17.16 ppm (q); IR (neat): ñ =2963, 2710, 1718, 1449,
1378, 1006, 907 cm�1; GC/MS (EI): m/z (%): 190 [M]+ (37), 175 (5), 161
(16), 147 (12), 133 (12), 119 (27), 105 (40), 91 (45), 82 (100), 67 (65), 55
(13), 41 (20); HRMS (EI): m/z : calcd for C13H18O: 190.1358; found:
190.1368.


rac-3a,4,7,7a-Tetrahydro-1H-indene-6-carbaldehyde (7g): This compound
was purified by distillation under reduced pressure to yield a yellowish
liquid (150 g, 43%). Odor description: green, melon, cucumber, apple,
marine, floral. B.p. 65–70 8C/0.054 mbar; 1H NMR (400 MHz, CDCl3): d=


9.44 (s, 1H), 6.97 (dd, J =4.9, 4.9 Hz, 1H), 5.69–5.56 (m, 2H), 2.99–2.97
(m, 1H), 2.61–2.39 (m, 4H), 2.23–2.19 (m, 1H), 2.09–1.95 ppm (m, 2H);
13C NMR (100 MHz, CDCl3): d=192.6 (d), 152.2 (d), 142.6 (s), 134.8 (d),
130.3 (d), 42.9 (d), 39.8 (t), 34.6 (d), 29.2 (t), 24.2 ppm (t); IR (neat): ñ=


3050, 2924, 2717, 1678, 1171 cm�1; GC/MS (EI): m/z (%): 148 [M]+ (26),
133 (6), 120 (10), 105 (6), 91 (18), 77 (13), 66 (100), 55 (6), 39 (12);
HRMS (EI): m/z : calcd for C10H12O: 148.0888; found: 148.0884.


rac-1-(Propan-2-ylidene)-3a,4,7,7a-tetrahydro-1H-indene-6-carbaldehyde
(7h): A total of 290 g crude product was obtained. The crude product
(5 g) was purified by column chromatography to yield a yellowish liquid
(3.2 g, 42%). The product easily decomposed at RT. Odor description:
fruity, green, woody. 1H NMR (300 MHz, CDCl3): d=9.44 (s, 1H; CHO),
6.95 (ddd, J =5.9, 4.5, 1.5 Hz, 1H; 5-H), 6.34 (dd, J=5.7, 2.3 Hz, 1H; 2-
H), 5.70 (brd, J=5.7 Hz, 1H; 3-H), 3.24–3.17 (m, 1H; 3a-H), 2.92 (ddd,


J =7.5, 7.5, 7.5 Hz, 1H; 7a-H), 2.72–2.62 (m, 2H; 4-Ha, 7-Ha), 2.27–2.17
(dddd, J =16.6, 6.1, 4.5, 1.5 Hz, 1H; 4-Hb), 1.91 (dd, J =15.5, 8.3 Hz, 1H;
7-Hb), 1.79 (s, 3H; (CH3)a), 1.74 ppm (s, H, CH3)b);


13C NMR (75 MHz,
CDCl3): d=192.1 (d; CHO), 151.8 (d; C-5), 143.7 (s, C-6), 142.9 (s, C-1),
136.7 (d; C-3), 131.4 (d; C-2), 122.6 (s, C ACHTUNGTRENNUNG(CH3)2), 43.4 (d; C-3a), 39.4 (d;
C-7a), 29.3 (t, C-4), 23.8 (t, C-7), 21.1 (q, (CH3)a), 21.0 ppm (q, (CH3)b);
IR (neat): ñ =2910, 2716, 1681, 1443, 1374 cm�1; GC/MS (EI): m/z (%):
188 [M]+ (30), 173 (4), 159 (2), 145 (5), 128 (6), 115 (7), 106 (100), 91
(40), 77 (7), 65 (6), 53 (4), 39 (5); HRMS (EI): m/z : calcd for C13H16O:
188.1201; found: 188.1199.


5-Methyl-3a,4,7,7a-tetrahydro-1H-indene-6-carbaldehyde (7 i): This com-
pound was purified by distillation under reduced pressure to yield a yel-
lowish liquid (134 g, 35%). Odor description: green, fruity, melon.
1H NMR (400 MHz, C6D6): d=10.07 (s, 1H), 5.51–5.49 (m, 1H), 5.29–
5.25 (m, 1H), 2.71–2.64 (m, 1H), 2.44–2.18 (m, 4H), 1.88–1.78 (m, 2H),
1.62 (s, 3H), 1.61–1.45 ppm (m, 1H); 13C NMR (100 MHz, C6D6): d=


187.3 (d), 157.1 (s), 134.9 (s), 133.3 (d), 130.8 (d), 44.2 (d), 40.0 (t), 37.1
(t), 34.5 (d), 25.7 (t), 18.0 ppm (q); GC/MS (EI): m/z (%): 162 [M]+ (46),
147 (22), 131 (10), 115 (6), 105 (9), 91 (20), 77 (14), 66 (100), 51 (6), 39
(12); IR (neat): ñ =3048, 2925, 2848, 1665, 1632, 1434, 1377 cm�1; HRMS
(EI): m/z : calcd for C11H14O: 162.1045; found: 162.1041.


4-Ethyl-3a,4,7,7a-tetrahydro-1H-indene-6-carbaldehyde (7 j): This com-
pound was purified by distillation under reduced pressure to yield a yel-
lowish liquid 177 g (42%). Odor description: green, fruity, weak.
1H NMR (300 MHz, CDCl3): d =9.42, 9.40 (2s, 1H), 6.84–6.83, 6.74–6.72
(2m, 1H), 5.74–5.53 (m, 2H), 3.26–3.13 (m, 1H), 2.87–2.75 (m, 1H),
2.66–1.46 (m, 7H), 1.06, 1.02 ppm (2t, J =7.5 Hz, 3H); major isomer: 13C
NMR (75 MHz, CDCl3): d=192.7 (d), 157.3 (d), 142.4 (s), 132.5 (d),
130.3 (d), 49.1 (d), 41.2 (d), 41.0 (t), 34.4 (d), 25.1 (t), 24.9 (t), 12.44 ppm
(q); GC/MS (EI): m/z (%): 176 [M]+ (28), 147 (23), 117 (13), 105 (8), 91
(21), 77 (14), 66 (100), 41 (10); minor isomer: 13C NMR (75 MHz,
CDCl3): d=192.7 (d), 156.3 (d), 142.5 (s), 133.9 (d), 130.2 (d), 49.4 (d),
41.9 (d), 39.4 (t), 35.5 (d), 27.1 (t), 24.7 (t), 11.63 ppm (q); IR (neat): ñ=


3054, 2961, 2929, 1683, 1447 cm�1; HRMS (EI): m/z : calcd for C12H16O:
176.1201; found: 176.1198.


1-Vinylcyclohex-3-enecarbaldehyde (6k): This compound was purified by
column chromatography to yield a colorless liquid. Odor description of
the mixture: green, fruity, apple, melon, floral, violet. 1H NMR
(300 MHz, CDCl3): d=9.37 (s, 1H), 5.77–5.63 (m, 3H), 5.29 (d, J=


10.6 Hz, 1H), 5.16 (d, J=17.7 Hz, 1H), 2.53–1.67 ppm (m, 6H); 13C
NMR (75 MHz, CDCl3): d=201.8 (d), 137.9 (d), 127.1 (d), 123.9 (d),
117.0 (t), 51.7 (s), 29.4 (t), 26.9 (t), 22.0 ppm (t); IR (neat): ñ=3027,
2921, 2840, 1725, 1439, 922, 717, 665 cm�1; GC/MS (EI): m/z (%): 136
[M]+ (5), 118 (17), 107 (28), 91 (46), 79 (100), 67 (9), 53 (14), 39 (23);
HRMS (EI): m/z : calcd for C9H12O: 136.0888; found: 136.0880.


4-Vinylcyclohex-1-enecarbaldehyde (7k): This compound was purified by
column chromatography to yield a colorless liquid. Odor description of
the mixture: green, fruity, apple, melon 1H NMR (300 MHz, CDCl3): d=


9.44 (s, 1H), 6.82–6.80 (m, 1H), 5.81 (ddd, J =17.0, 10.2, 6.6 Hz, 1H),
5.04 (d, J=17.0 Hz, 1H), 4.99 (d, J =10.2 Hz, 1H), 2.55–2.05 (m, 5H),
1.91–1.83 (m, 1H), 1.44–1.30 ppm (m, 1H); 13C NMR (75 MHz, CDCl3):
d=193.9 (d), 149.9 (d), 142.1 (d), 141.3 (s), 113.5 (t), 37.1 (d), 32.0 (t),
27.2 (t), 20.8 ppm (t); IR (neat): ñ =2928, 1686, 1643, 1420, 1178,
916 cm�1; GC/MS (EI): m/z (%): 136 [M]+ (21), 121 (14), 107 (60), 91
(41), 79 (88), 67 (27), 54 (100), 39 (49); HRMS (EI): m/z : calcd for
C9H12O: 136.0888; found: 136.0883.


1-(Prop-1-en-2-yl)cyclohex-3-enecarbaldehyde (6 l): This compound was
purified by column chromatography to yield a colorless liquid. Odor de-
scription: fresh, green, camphoraceous, perilla aldehyde-like. 1H NMR
(300 MHz, CDCl3): d=9.23 (s, 1H), 5.72–5.60 (m, 2H), 5.07 (s, 1H), 4.91
(s, 1H), 2.54–2.44 (m, 1H), 2.18–2.71 (m, 5H), 1.68 ppm (s, 3H); 13C
NMR (75 MHz, CDCl3): d=201.4 (d), 143.0 (s), 126.8 (d), 124.4 (d),
114.4 (t), 54.4 (s), 29.0 (t), 25.5 (t), 22.4 (t), 19.5 ppm (q); IR (neat): ñ=


3028, 2923, 2698, 1725, 1668, 1634, 1440, 1377, 901 cm�1; GC/MS (EI):
m/z (%): 150 [M]+ (9), 135 (17), 121 (36), 107 (21), 93 (73), 79 (100), 67
(21), 55 (24), 41 (27); HRMS (EI): m/z : calcd for C10H14O: 150.1045;
found: 150.1041.
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2-Methyl-4-vinylcyclohex-1-ene carbaldehyde (7 l): This compound was
purified by column chromatography to yield a colorless liquid. Odor de-
scription: green, fruity, cinnamon. 1H NMR (300 MHz, CDCl3): d=10.15
(s, 1H), 5.79 (ddd, J=17.0, 10.2, 6.1 Hz, 1H), 5.06–4.95 (m, 2H), 2.48–
1.22 (m, 7H), 2.14 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d =190.7
(d), 154.7 (s), 142.2 (d), 133.3 (s), 113.3 (t), 39.7 (t), 37.0 (d), 27.5 (t), 21.9
(t), 18.2 ppm (q); IR (neat): ñ=2921, 1714, 1666, 1440, 1379, 1244,
914 cm�1; GC/MS (EI): m/z (%): 150 [M]+ (42), 135 (45), 121 (47), 107
(55), 93 (87), 79 (100), 67 (94), 54 (57), 41 (54); HRMS (EI):m/z : calcd
for C10H14O: 150.1045; found: 150.1016.


4-Methyl-1-vinylcyclohex-3-enecarbaldehyde[29a] and 3-methyl-1-vinylcy-
clohex-3-ene-carbaldehyde (6m):[29b] Purification by column chromatog-
raphy yielded a colorless liquid. Odor description of the mixture: power-
ful, fresh green, fruity, spicy. IR (neat): ñ=2917, 2854, 2707, 1726, 1632,
1439, 921 cm�1.


4-Methyl-1-vinylcyclohex-3-enecarbaldehyde : 1H NMR (500 MHz,
CDCl3): d=9.35 (s, 1H), 5.69 (dd, J=17.7, 10.7 Hz, 1H), 5.41–5.39 (m,
1H), 5.26 (d, J =10.7 Hz, 1H), 5.13 (d, J=17.7 Hz, 1H), 2.44–2.31 (m,
1H), 2.10–1.64 (m, 5H), 1.63 ppm (s, 3H); 13C NMR (125 MHz, CDCl3):
d=202.0 (d), 138 (d), 134.4 (s), 118.0 (d), 116.9 (t), 51.4 (s), 29.8 (t), 27.3
(t), 26.9 (t), 22.0 ppm (q); GC/MS (EI): m/z (%): 150 [M]+ (23), 135
(24), 121 (45), 107 (33), 93 (100), 79 (98), 67 (54), 55 (37), 39 (38).


3-Methyl-1-vinylcyclohex-3-enecarbaldehyde : 1H NMR (500 MHz,
CDCl3): d=9.36 (s, 1H), 5.71 (dd, J=10.7, 17.7 Hz, 1H), 5.38–5.36 (m,
1H), 5.27 (d, J =10.7 Hz, 1H), 5.12 (d, J=17.7 Hz, 1H), 2.37–2.33 (m,
1H), 2.10–1.64 (m, 5H), 1.72 ppm (s, 3H); 13C NMR (125 MHz, CDCl3):
d=201.7 (d), 137.9 (d), 131.2 (s), 120.9 (d), 116.8 (t), 52.2 (s), 34.1 (t),
26.7 (t), 23.6 (q), 22.2 ppm (t); GC/MS (EI): m/z (%): 150 [M]+ (10), 135
(16), 121 (78), 107 (29), 93 (100), 79 (88), 67 (32), 55 (31), 39 (32).


rac-Perillaldehyde (1):[7b] This compound was purified by column chro-
matography to yield a slightly yellow liquid. Odor description: powerful,
fresh, green. 1H NMR (300 MHz, CDCl3): d=9.43 (s, 1H), 6.83 (m, 1H),
4.78 (br s, 1H), 4.74 (br s, 1H), 2.45 (m, 2H), 2.25 (m, 2H), 2.15 (m, 1H),
1.91 (m, 1H), 1.77 (s, 3H), 1.46 ppm (m, 1H); 13C NMR (75 MHz,
CDCl3): d=193.9 (d), 150.6 (d), 148.3 (s), 141.3 (s), 109.5 (t), 40.7 (d),
31.7 (t), 26.3 (t), 21.6 (t), 20.7 ppm (t); IR (neat): n=3038, 2932, 2814,
2719, 1686, 1645, 1453, 1377, 1211, 1167, 891, 816, 771, 692 cm-1; GC/MS
(EI): m/z (%): 150 [M]+ (26), 135 (39), 122 (41), 93 (43), 79 (90), 68
(100), 53 (44), 39 (36).


4-Methyl-1-(prop-1-en-2-yl)cyclohex-3-enecarbaldehyde and 3-methyl-1-
(prop-1-en-2-yl)cyclohex-3-enecarbaldehyde (6n): Purification by distilla-
tion under reduced pressure yielded a colorless liquid. Mixture of isomers
in a ratio of 6:4. Odor description: green, fruity, mango, damascone,
plum. B.p. 65–71 8C/0.06 mbar; 1H NMR (300 MHz, CDCl3): d=9.22, 9.21
(2 s, 1H), 5.04–4.83 (m, 3H), 2.51–2.33 (m, 2H), 2.17–1.72 (m, 5H), 1.70,
1.68, 1.67, 1.60 ppm (4 s, 6H); IR (neat): ñ =2967, 2921, 1726, 1635, 1441,
1377, 899 cm�1; HRMS (EI): m/z : calcd for C11H16O: 164.1201; found:
164.1210.


4-Methyl-1-(prop-1-en-2-yl)cyclohex-3-enecarbaldehyde : 13C NMR
(75 MHz, CDCl3): d=201.7 (d), 143.0 (s), 134.0 (s), 118.4 (d), 114.4 (t),
54.2 (s), 29.3 (t), 27.2 (t), 26.0 (t), 23.2 (q), 19.6 ppm (q); GC/MS (EI): m/
z (%): 164 [M]+ (20), 149 (31), 135 (68), 121 (35), 107 (71), 93 (100), 79
(64), 67 (40), 55 (28), 41 (38).


3-Methyl-1-(prop-1-en-2-yl)cyclohex-3-enecarbaldehyde : 13C NMR
(75 MHz, CDCl3): d=201.5 (d), 143.0 (s), 131.6 (s), 120.6 (d), 114.3 (t),
55.0 (s), 33.7 (t), 25.4 (t), 23.6 (q), 22.4 (t), 19.6 ppm (q); GC/MS (EI):
m/z (%): 164 [M]+ (18), 149 (32), 135 (68), 121 (34), 107 (72), 93 (100),
79 (64), 67 (41), 55 (27), 41 (38)


4-(4-Methylpent-3-enyl)-1-vinylcyclohex-3-enecarbaldehyde and 3-(4-
methylpent-3-enyl)-1-vinylcyclohex-3-enecarbaldehyde (6o): Purification
by column chromatography yielded a colorless liquid. Odor description:
green, fruity, weak. Major isomer: 1H NMR (300 MHz, CDCl3): d=9.36
(s, 1H), 5.70 (m, 1H), 5.40 (m, 1H), 5.25 (m, 1H), 5.10–5.08 (m, 2H),
2.40 (m, 2H), 2.10–1.90 (m, 8H), 1.68 (s, 3H), 1.58 ppm (s, 3H); 13C
NMR (75 MHz, CDCl3): d =202.1 (d), 137.9 (d), 134.9 (s), 131.5 (s), 120.7
(d), 117.7 (d), 116.9 (t), 52.2 (s), 37.4 (t), 29.7 (t), 27.4 (t), 26.3 (t), 25.7
(q), 25.2 (t), 17.7 ppm (q); IR (neat): ñ =2966, 2921, 2852, 1726, 1439,


921 cm�1; HRMS (EI): m/z : calcd for C15H22O: 218.1671; found:
218.1662.


rac-b-Bisabolenal (2):[7c] This compound was purified by column chroma-
tography to yield a yellowish liquid. Odor description: green, fruity, fatty.
1H NMR (300 MHz, CDCl3): d=9.44 (s, 1H), 6.84 (m, 1H), 5.08 (m,
1H), 4.82 (s, 1H), 4.79 (s, 1H), 2.48 (m, 1H), 2.22 (m, 2H), 2.20–2.04 (m,
5H), 1.97–1.85 (m, 2H), 1.69 (s, 3H), 1.62 (s, 3H), 1.50 ppm (m, 1H); 13C
NMR (100 MHz, d6-acetone): d =192.5 (d), 152.7 (s), 148.9 (d), 141.4 (s),
131.5 (s), 124.6 (d), 108.3 (t), 39.7 (d), 35.0 (t), 32.2 (t), 27.1 (t), 27.0 (t),
25.8 (q), 22.1 (t), 17.7 ppm (q); IR (neat): ñ =2923, 1686, 1645, 1435,
1166 cm�1; GC/MS (EI): m/z (%): 218 [M]+ (5), 175 (22), 109 (37), 91
(14), 79 (18), 69 (100), 53 (10), 41 (52); HRMS (EI): m/z : calcd for
C15H22O: 218.1671; found: 218.1673.


4-Isopropylidene-1-methylcyclohexene (20a) and 5-isopropylidene-1-
methylcyclohexene (20b):[23] Purification by distillation under reduced
pressure yielded a colorless liquid. Odor description: spicy, peppery. B.p.
62–65 8C/8.7 mbar; IR (neat): ñ =2912, 1445, 1375, 899, 790 cm�1.


Compound 20a : 1H NMR (300 MHz, CDCl3): d=5.40 (m, 1H), 2.76 (br,
2H), 2.36 (t, J=6.3 Hz, 2H), 2.05 (t, J =6.3 Hz, 2H), 1.71 (s, 3H), 1.70 (s,
3H), 1.68 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=134.0 (s), 127.6
(s), 121.6 (s), 120.8 (d), 31.5 (t), 29.5 (t), 26.6 (t), 23.4 (q), 19.8 (q),
19.7 ppm (s); GC/MS (EI): m/z (%): 136 [M]+ (90), 121 (100), 105 (27),
93 (98), 79 (41), 67 (11), 53 (12), 41 (17).


Compound 20b : 1H NMR (300 MHz, CDCl3): d=5.49 (m, 1H), 2.68 (br,
2H), 2.28 (t, J=6.3 Hz, 2H), 2.05 (t, J =6.3 Hz, 2H), 1.71 (s, 3H), 1.70 (s,
3H), 1.68 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=134.2 (s), 128.2
(s), 121.7 (s), 121.3 (d), 34.5 (t), 26.5 (t), 26.3 (t), 23.5(q), 20.2 (s),
20.1 ppm (s); GC/MS (EI): m/z (%): 136 [M]+ (80), 121 (68), 105 (24),
93 (100), 79 (38), 67 (16), 53 (12), 41 (18).


6,8-Dimethyl-2-oxaspiro ACHTUNGTRENNUNG[4.5]dec-7-en-1-ol (22a): This compound was pu-
rified by distillation under reduced pressure to yield a colorless liquid
that crystallized on standing. M.p. 62–65 8C; b.p. 85–89 8C/0.09 mbar;
1H NMR (300 MHz, CDCl3): d =5.42, 5.22 (2s, 1H), 5.17, 4.91 (2s, 1H),
4.15–4.00 (m, 1H), 3.93–3.85 (m, 1H), 3.40 (br, 1H), 2.20–2.05 (m, 1H),
2.11–1.50 (m, 9H), 1.05, 0.85 ppm (2d, J=6.9 Hz, 3H); major isomer: 13C
NMR (75 MHz, CDCl3): d=131.2 (s), 126.3 (d), 102.8 (d), 66.6 (t), 48.4
(s), 35.6 (d), 31.4 (t), 27.3 (t), 23.3 (q), 22.6 (t), 17.9 ppm (q); IR (neat):
ñ=3424, 2967, 1453, 1365, 1032, 903 cm�1; GC/MS (EI): m/z (%): 182
[M]+ (2), 164 (48), 149 (23), 136 (20), 121 (54), 108 (64), 93 (100), 82
(80), 67 (41), 55 (16), 41 (24); HRMS (EI): m/z : calcd for C11H18O2:
182.1307; found: 182.1303.


6-Methyl-8-(4-methylpent-3-enyl)-2-oxaspiroACHTUNGTRENNUNG[4.5]dec-7-en-1-ol (22b):
This compound was purified by distillation under reduced pressure to
yield a colorless liquid. B.p. 135–140 8C/0.09 mbar; 1H NMR (300 MHz,
CDCl3): d=5.44–5.23 (m, 1H), 5.17–4.92 (m, 2H), 4.11–4.06 (m, 1H),
3.92–3.88 (m, 1H), 3.20 (br, 1H), 2.18–1.61 (m, 17H), 1.07, 0.94 ppm (2d,
J =6.9 Hz, 3H); major isomer: 13C NMR (75 MHz, CDCl3): d=134.7 (s),
131.4 (s), 127.2 (d), 124.3 (d), 102.8 (d), 66.6 (t), 48.5 (s), 37.3 (t), 36.6
(d), 31.4 (t), 26.5 (t), 25.7 (q), 25.4 (t), 18.0 (q), 17.7 ppm (q); IR (neat):
ñ=3404, 2916, 1438, 1027, 905 cm�1; GC/MS (EI): m/z (%): 250 [M]+


(1), 232 (53), 217 (16), 204 (10), 189 (26), 163 (29), 147 (24), 135 (29), 119
(41), 107 (100), 93 (81), 79 (51), 69 (94), 55 (28), 41 (83); HRMS (EI):
m/z : calcd for C16H26O2: 250.1933; found: 250.1913.


4’,5’-Dihydro-2’H-spiro ACHTUNGTRENNUNG[bicyclo ACHTUNGTRENNUNG[2.2.1]hept-5-ene-2,3’-furan]-2’-ol (22c):
This compound was purified by distillation under reduced pressure to
yield a colorless liquid. B.p. 95–99 8C/0.11 mbar; 1H NMR (300 MHz,
CDCl3): d=6.25–6.06 (m, 2H), 5.07–4.60 (4s, 1H), 4.07–3.74 (m, 3H),
2.93–2.53 (m, 2H), 2.32–1.77 (m, 2H), 1.67–1.58 (m, 1H), 1.54–0.93 ppm
(m, 3H); major isomer: 13C NMR (75 MHz, CDCl3): d=139.0 (d), 138.3
(d), 104.3 (d), 67.1 (t), 54.5 (s), 48.0 (t), 45.7 (d), 42.9 (d), 40.0 (t),
34.6 ppm (t); IR (neat): ñ=3416, 3059, 2970, 1447, 1333, 1012, 905,
723 cm�1; GC/MS (EI): m/z (%): 166 [M]+ (0.5), 148 (8), 105 (7), 83 (33),
66 (100), 55 (4), 39 (11); HRMS (EI): m/z : calcd for C10H14O2: 166.0994;
found: 166.0987.


8-Methyl-2-oxaspiro ACHTUNGTRENNUNG[4.5]dec-7-en-1-ol (22d): This compound was purified
by distillation under reduced pressure to yield a colorless liquid. B.p.
102–106 8C/0.13 mbar; 1H NMR (300 MHz, CDCl3): d =5.45–5.25 (m,
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1H), 5.05–4.95 (m, 1H), 4.14–4.02 (m, 1H), 3.95–3.83 (m, 1H), 2.40–
1.40 ppm (m, 12H); major isomer: 13C NMR (75 MHz, CDCl3): d=134.4
(s), 118.7 (d), 102.2 (d), 66.1 (t), 45.2 (s), 39.1 (t), 29.4 (t), 28.3 (t), 27.7
(t), 23.4 ppm (q); IR (neat): ñ=3404, 2913, 1438, 1118, 1018, 903,
805 cm�1; GC/MS (EI): m/z (%): 168 [M]+ (1), 150 (94), 135 (38), 120
(25), 107 (47), 93 (68), 79 (100), 67 (28), 53 (18), 41 (22); HRMS (EI):
m/z : calcd for C10H16O2: 168.1150; found: 168.1151.


7,9-Dimethyl-2-oxaspiro ACHTUNGTRENNUNG[5.5]undec-8-en-1-ol (22e): This compound was
purified by distillation under reduced pressure to yield a colorless liquid
that crystallized on standing. M.p. 88–90 8C; 1H NMR (300 MHz, CDCl3):
d=5.25–5.24 (m, 1H), 4.67 (s, 1H), 3.98–3.54 (brm, 3H), 1.93–1.31 (m,
12H), 0.95–0.91 (m, 3H); major isomer: 13C NMR (75 MHz, CDCl3): d=


130.7 (s), 126.3 (d), 96.9(d), 69.3 (t), 37.7 (d), 36.5 (s), 26.6 (t), 24.5 (t),
23.2 (q), 21.7 (t), 21.6 (t), 15.8 ppm (q); IR (neat): ñ =3370, 2925, 1454,
1377, 1036, 965, 930, 877, 843 cm�1; GC/MS (EI): m/z (%): 196 [M]+ (4),
178 (20), 163 (9), 150 (8), 134 (73), 122 (39), 107 (98), 93 (50), 82 (100),
67 (70), 55 (22), 41 (35); HRMS (EI): m/z : calcd for C12H20O2: 196.1463;
found: 196.1460.


7-Methyl-9-(4-methylpent-3-enyl)-2-oxaspiro ACHTUNGTRENNUNG[5.5]undec-8-en-1-ol (22 f):
This compound was purified by distillation under reduced pressure to
yield a colorless liquid. B.p. 150–156 8C/0.09 mbar; 1H NMR (300 MHz,
CDCl3): d=5.40–5.20 (m, 1H), 5.09–5.05 (m, 1H), 4.69 (s, 1H), 4.03–3.96
(m, 1H), 3.61–3.56 (m, 1H), 3.48 (br, 1H), 2.09–1.31 (m, 19H), 0.97–
0.85 ppm (2d, J=6.9 Hz, 3H); major isomer: 13C NMR (75 MHz,
CDCl3): d=134.9 (s), 134.3 (s), 126.1 (d), 124.4 (d), 96.9 (d), 59.4 (t), 37.7
(d), 37.4 (t), 36.7 (s), 26.5 (t), 25.7 (q), 24.8 (t), 24.6 (t), 24.4 (t), 21.6 (t),
17.7 (q), 15.9 ppm (q); IR (neat): ñ=3394, 2918, 1454, 1376, 1026,
967 cm�1; GC/MS (EI): m/z (%): 264 [M]+ (8), 246 (18), 231 (6), 221 (8),
202 (41), 190 (14), 177 (11), 159 (18), 147 (18), 133 (53), 121 (41), 107
(100), 91 (45), 79 (45), 69 (88), 55 (23), 41 (73); HRMS (EI): m/z : calcd
for C17H28O2: 264.2089; found: 264.2083.


2’,4’,5’,6’-Tetrahydrospiro ACHTUNGTRENNUNG[bicyclo ACHTUNGTRENNUNG[2.2.1]hept-5-ene-2,3’-pyran]-2’-ol (22g):
This compound was purified by distillation under reduced pressure to
yield a colorless liquid. B.p. 114–117 8C/0.10 mbar; 1H NMR (300 MHz,
CDCl3): d=6.13–6.01 (m, 2H), 4.89–4.87 (m, 1H), 4.30 (br, 1H), 3.98–
3.84 (m, 1H), 3.57–3.43 (m, 1H), 2.93–2.71 (m, 2H), 1.82–1.18 ppm (m,
7H); major isomer: 13C NMR (75 MHz, CDCl3): d =134.9 (s), 134.3 (s),
126.1 (d), 124.4 (d), 96.9 (d), 59.4 (t), 37.7 (d), 37.4 (t), 36.7 (s), 26.5 (t),
25.7 (q), 24.8 (t), 24.6 (t), 24.4 (t), 21.6 (t), 17.7 (q), 15.9 ppm (q); IR
(neat): ñ =3382, 3058, 2947, 1448, 1333, 1189, 1084, 1049, 722 cm�1; GC/
MS (EI): m/z (%): 180 [M]+ (1), 162 (7), 113 (10), 97 (28), 66 (100), 39
(9); HRMS (EI): m/z : calcd for C11H16O2: 180.1150; found: 180.1157.


2-OxaspiroACHTUNGTRENNUNG[5.5]undec-8-en-1-ol (22h): This compound was purified by
distillation under reduced pressure to yield a colorless liquid. B.p. 110–
115 8C/0.12 mbar; 1H NMR (300 MHz, CDCl3): d =5.60 (m, 2H), 4.71,
4.53 (2 s, 1H), 3.95 (m, 1H), 3.50 (m, 1H), 2.35–1.90 (m, 3H), 1.85–1.65
(m, 3H), 1.65–1.55 (m, 2H), 1.50–1.30 ppm (m, 2H); major isomer: 13C
NMR (75 MHz, CDCl3): d =126.6 (d), 124.9 (d), 96.4 (d), 60.8 (t), 34.9
(s), 32.8 (t), 29.6 (t), 28.2 (t), 21.6 (t), 21.2 ppm (t); IR (neat): ñ =3380,
3021, 2918, 1437, 1086, 1022, 937, 658 cm�1; GC/MS (EI): m/z (%): 168
[M]+ (1), 150 (25), 106 (27), 94 (33), 79 (100), 67 (16); HRMS (EI): m/z :
calcd for C10H16O2: 168.1150; found: 168.1153.


6,8-Dimethyl-2-oxaspiro ACHTUNGTRENNUNG[4.5]dec-7-en-1-one (23a):[26] This compound was
purified by bulb to bulb distillation under reduced pressure to yield a col-
orless liquid. B.p. 110–113 8C/0.15 mbar; yield 79%; exo/endo 8:92; endo
isomer: 1H NMR (300 MHz, CDCl3): d =5.20 (d, J=2.1 Hz, 1H), 4.20
(m, 2H), 2.25–1.65 (m, 6H), 1.60 (s, 3H), 1.44 (m, 1H), 0.95 ppm (d, J=


7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=179.8 (s), 132.6 (s), 124.3
(d), 64.9 (t), 44.2 (s), 34.6 (t), 34.4 (d), 26.9 (t), 26.5 (t), 23.3 (q),
17.4 ppm (q) ; IR (neat): ñ=2965, 1767, 1454, 1375, 1193, 1151,
1032 cm�1; GC/MS (EI): m/z (%): 180 [M]+ (38), 152 (62), 137 (48), 107
(55), 93 (44), 82 (100), 67 (64), 53 (13), 41 (19).


6-Methyl-8-(4-methylpent-3-enyl)-2-oxaspiro ACHTUNGTRENNUNG[4.5]dec-7-en-1-one (23b):
This compound was purified by bulb to bulb distillation under reduced
pressure to yield a colorless liquid. Yield 78%. B.p. 128–132 8C/
0.09 mbar; exo/endo 12:88; endo isomer: 1H NMR (300 MHz, CDCl3):
d=5.28 (d, J=4.2 Hz, 1H), 5.06 (t, J=6.3 Hz, 1H), 4.30–4.24 (m, 2H),
2.32–2.22 (m, 1H), 2.22–1.88 (m, 9H), 1.67 (s, 3H), 1.59 (s, 3H), 1.53–


1.46 (m, 1H), 1.03 ppm (d, J =7.5 Hz, 3H); 13C NMR (75 MHz, CDCl3):
d=179.9 (s), 136.2 (s), 131.3 (s), 124.1 (d), 124.0 (d), 64.9 (t), 44.3 (s),
37.3 (t), 34.6 (t), 34.2 (d), 26.3 (t), 26.2 (t), 25.7 (q), 25.2 (t), 17.7 (q),
17.5 ppm (q); IR (neat): ñ =2925, 1767, 1450, 1375, 1169, 1031 cm�1; GC/
MS (EI): m/z (%): 248 [M]+ (29), 233 (39), 205 (73), 192 (28), 180 (19),
164 (25), 152 (89), 135 (56), 107 (90), 99 (35), 91 (61), 82 (81), 69 (100),
41 (87); HRMS (EI): m/z : calcd for C16H24O2: 248.1776; found: 248.1778.


4’,5’-Dihydro-2’H-spiro ACHTUNGTRENNUNG[bicyclo ACHTUNGTRENNUNG[2.2.1]hept-5-ene-2,3’-furan]-2’-one
(23c):[30] This compound was purified by bulb to bulb distillation under
reduced pressure to give a colorless liquid. Yield 85%; b.p. 82–86 8C/
0.09 mbar; exo/endo 78:22; 1H NMR (300 MHz, CDCl3): d=6.35–6.32
(m, 1H), 6.19–6.16 (m, 1H), 4.32–4.19 (m, 2H), 2.99 (s, 1H), 2.93 (s, 1H),
2.26–2.22 (m, 1H), 2.12–2.06 (m, 2H), 1.98–1.70 (m, 1H), 1.43 (d, J=


7.8 Hz, 1H), 1.12 ppm (dd, J1 =11.4 Hz, J2 =2.7 Hz, 1H); exo isomer: 13C
NMR (75 MHz, CDCl3): d =182.1 (s), 133.5 (s), 117.7 (d), 65.3 (t), 41.0
(s), 33.0 (t), 32.4 (t), 28.7 (t), 26.7 (t), 23.3 ppm (q); IR (neat): ñ=2974,
1763, 1455, 1370, 1335, 1210, 1028, 972, 728 cm�1; GC/MS (EI): m/z (%):
164 [M]+ (7), 99 (86), 66 (100), 39 (12).


8-Methyl-2-oxaspiro ACHTUNGTRENNUNG[4.5]dec-7-en-1-one (23d):[26] This compound was pu-
rified by bulb to bulb distillation under reduced pressure as a colorless
liquid. Yield 82%; b.p. 95–97 8C/0.11 mbar; para/meta 73:27; 1H NMR
(300 MHz, CDCl3): d =6.44–6.36 (m, 1H), 4.34–4.25 (m, 2H), 2.33–2.38
(m, 1H), 2.20–1.75 (m, 6H), 1.70–1.61 ppm (m, 4H); para isomer: 13C
NMR (75 MHz, CDCl3): d=182.4 (s), 139.9 (d), 134.1 (d), 65.1 (t), 49.2
(d), 47.7 (s), 47.0 (t), 42.8 (d), 39.3 (t), 35.3 ppm (t); IR (neat): ñ=2914,
1767, 1448, 1374, 1199, 1177, 1151, 1026, 957 cm�1; GC/MS (EI): m/z
(%): 164 [M]+ (7), 99 (86), 66 (100), 39 (12).


7,9-Dimethyl-2-oxaspiro ACHTUNGTRENNUNG[5.5]undec-8-en-1-one (23e): This compound was
purified by distillation under reduced pressure as a colorless liquid. Yield
83%; b.p. 120–122 8C/0.10 mbar; exo/endo 10:90; 1H NMR (300 MHz,
CDCl3): d=5.23–5.22 (m, 1H), 4.39–4.29 (m, 2H), 2.30–2.22 (m, 2H),
2.08–1.85 (m, 5H), 1.67 (s, 3H), 1.63–1.46 (m, 2H), 0.98 ppm (d, J=


6.9 Hz); major isomer: 13C NMR (75 MHz, CDCl3): d =175.1 (s), 132.3
(s), 124.0 (d), 68.7 (t), 43.7 (s), 35.9 (d), 29.6 (t), 28.3 (t), 26.3 (t), 23.2
(q), 20.3 (t), 17.9 ppm (q); IR (neat): ñ =3408, 2957, 1734, 1448, 1397,
1262, 1153 cm�1; GC/MS (EI): m/z (%): 194 [M]+ (38), 179 (22), 165
(12), 151 (19), 113 (68), 93 (32), 82 (100), 67 (56), 53 (10), 41 (20);
HRMS (EI): m/z : calcd for C12H18O2: 194.1307; found: 194.1306.


7-Methyl-9-(4-methylpent-3-enyl)-2-oxaspiroACHTUNGTRENNUNG[5.5]undec-8-en-1-one (23 f):
This compound was purified by column chromatography as a colorless
liquid. B.p. 142–145 8C/0.08 mbar; exo/endo 9:91; 1H NMR (300 MHz,
CDCl3): d=5.25–5.22 (m, 1H), 5.12–5.05 (m, 1H), 4.40–4.29 (m, 2H),
2.38–2.29 (m, 1H), 2.22–1.86 (m, 10H), 1.68 (s, 3H), 1.60 (s, 3H), 1.55–
1.46 (m, 1H), 1.01 ppm (d, J=7.2 Hz, 3H); endo isomer: 13C NMR
(75 MHz, CDCl3): d=175.3 (s), 135.9 (s), 131.4 (s), 124.1 (d), 123.8 (d),
68.7 (t), 43.8 (s), 37.2 (t), 35.6 (d), 29.3 (t), 28.0 (t), 26.4 (t), 25.7 (q), 24.5
(t), 20.3 (t), 18.0 (q), 17.7 ppm (q); IR (neat): ñ=2962, 1731, 1448, 1261,
1135, 1100, 976 cm�1; GC/MS (EI): m/z (%): 262 [M]+ (54), 247 (26), 219
(59), 206 (20), 193 (42), 179 (16), 165 (58), 151 (51), 121 (48), 107 (100),
91 (56), 79 (38), 69 (49), 55 (12), 41 (63); HRMS (EI): m/z : calcd for
C17H26O2: 262.1933; found: 262.1927.


5’,6’-DihydrospiroACHTUNGTRENNUNG[bicycloACHTUNGTRENNUNG[2.2.1]hept-5-ene-2,3’-pyran]-2’ ACHTUNGTRENNUNG(4’H)-one
(23g):[31] This compound was purified by distillation under reduced pres-
sure as a colorless liquid; exo/endo 82:18; b.p. 105–107 8C/0.10 mbar;
1H NMR (300 MHz, CDCl3): d=6.29–6.26 (m, 1H), 6.11–6.07 (m, 1H),
4.35–4.31 (m, 2H), 3.06 (s, 1H), 2.91 (1H), 2.41–2.36 (m, 1H), 2.00–1.90
(m, 2H), 1.83–1.75 (m, 1H), 1.70–1.66 (m, 2H), 1.48–1.45 (m, 1H),
0.99 ppm (dd, J =2.6 Hz, 11.6 Hz); major isomer: 13C NMR (75 MHz,
CDCl3): d=177.5 (s), 139.2 (d), 133.7 (d), 69.2 (t), 50.5 (d), 48.9 (s), 48.0
(t), 42.5 (d), 38.9 (t), 31.0 (t), 21.0 ppm (t). IR (neat): ñ =2971, 1728,
1457, 1398, 1266, 1151, 1098, 728 cm�1; GC/MS (EI): m/z (%): 178 [M]+


(3), 113 (100), 95 (28), 66 (68), 39 (13).
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Self-Assembled Double-Shelled Ferrihydrite Hollow Spheres with a Tunable
Aperture


Zhengcui Wu,[a, b] Miao Zhang,[a] Kuai Yu,[a] Shudong Zhang,[a] and Yi Xie*[a]


Introduction


Ferrihydrite is a common, naturally occurring iron oxide
material found in aquatic systems and soils,[1–3] and is rou-
tinely used in a variety of industrial applications, such as
direct coal liquefaction and metallurgical processing.[4,5] It is
an environmentally important nanocrystalline phase, which
can act as a scavenger for numerous natural and anthropo-
genic chemical species, including heavy metals[6] and arse-
nate[7] through adsorption and coprecipitation, and can par-
ticipate in redox reactions.[8] It is also suspected to constitute
the inorganic core of ferritin, an iron storage protein that
plays a key role in controlling the levels of iron in plants, an-
imals, and microbes, thereby providing a fully biocompatible
material to carry iron particles in potential drug delivery ap-
plications.[9] The important applications of ferrihydrite make


it widely studied and readily synthesized artificially; howev-
er, to date, only nanocrystals of less than 10 nm were usually
obtained.[10,11] Because of its nanocrystalline nature and
poor crystallinity, the exact structure of ferrihydrite has re-
mained controversial until very recently Michel et al. ap-
plied a synchrotron radiation technique and the atomic pair
distribution function (PDF) method to ferrihydrite, and re-
vealed that this particular structure contains 20% tetrahe-
drally and 80% octahedrally coordinated iron in its ideal
form and has a basic structural motif closely related to the
Baker–Figgis d-Keggin cluster.[10]


Self-assembled hierarchical structures with hollow interi-
ors have been receiving much attention recently because
they could be used to find new applications owing to their
conspicuous physicochemical properties that differ markedly
from those of nonhollow materials. Various methodologies
have been developed to achieve this special nano- and sub-
microstructure including template and template-free ap-
proaches. Generally, however, only single-shelled hollow
spheres are obtained. Recently, double-shelled or multishel-
led hollow spheres using a hard template (hollow latex, po-
lymer spheres, or inorganic silica),[12] soft template (surfac-
tant-molecule vesicles),[13] or an intermediate-templating
phase-transformation process[14] have been synthesized. But
the synthesis of double-shelled or multishelled hollow-struc-
tured materials with a tunable size through the use of an
easy one-step solution-phase route still remains a huge tech-
nological challenge.


Abstract: Novel double-shelled hier-
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(Fe10O14(OH)2·4H2O) were successfully
synthesized on a large scale by using a
facile medicine-inspired solution-phase
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formed gas-bubble template with the
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Sodium nitroprusside (SNP), an inexpensive medicine, is
widely used for the emergency treatment of high blood pres-
sure (hypertensive crisis) and severe heart failure to reduce
heart workload. It is also used to produce controlled hypo-
tension (low blood pressure) in anesthetized patients during
surgery. The pharmacological effect of SNP is that it serves
as a source of nitric oxide, a potent peripheral vasodilator
that affects both arterioles and venules. This release of NO
gas gives us a clue that SNP can be not only a cheap ferric
precursor, but also an in situ gas-bubble template, because
in situ formed gas-bubble templates have been widely used
to construct various hollow structures of inorganic materi-
als.[15] More interestingly, an SNP molecule possesses anoth-
er kind of ligand, a cyano group. Although a cyano group is
much more stable in an aqueous solution at room tempera-
ture than a nitroso group, it is well-known that cyano ions
can be released under hydrothermal conditions and subse-
quently hydrolyze into HCOO� ions, which can partly hy-
drolyze into HCOOH and further decompose to CO gas
given suitable conditions. The two kinds of gases may form
at different reaction stages due to the different dissociation
and hydrolyzation sequences of the ligands in the precursor,
which affords a good opportunity to construct a complex
hollow structure. Motivated by this potential, we successful-
ly synthesized double-shelled ferrihydrite hollow spheres
through using the hydrolyzation of SNP in the presence of
sodium dihydrogen phosphate. SNP served as both a ferric
source and a twice-gas-bubble template, providing not only
nitric oxide for the inner-shelled hollow structure but also
carbon monoxide for the outer-shelled hollow configuration.
This method to build a double-shelled hollow hierarchy
spontaneously in a synthetic process is an undoubtedly inex-
pensive, simple, and efficient approach for the high-through-
put production of multishelled hollow spheres. The impact
could be tremendous. Furthermore, double-shelled hollow
spheres of ferrihydrite with different sizes can be fabricated
by varying the experimental parameters, which is very at-
tractive for practical applications. More importantly, our ap-
proach offers the first opportunity to investigate the applica-
tion of ferrihydrite in gas sensing. The high sensitivity to
ethanol makes ferrihydrite an alternative material for gas
sensing, thereby extending the application fields of ferrihy-
drite.


Results and Discussion


The morphology of the products was characterized by trans-
mission electron microscopy (TEM). As shown in Figure 1a
and b, a strong contrast between the dark edges and the
pale center confirms that all of the spherical particles have a
hollow cavity. The detailed image reveals the fact that
almost all particles are double-shelled hollow structures, as
can be clearly seen from the higher magnification TEM
image in Figure 1b. The sizes of the double-shelled hollow
spheres, the inner hollow spheres, and the inner pores are
estimated to be about 300, 190, and 110 nm, respectively.


The low-magnification field-emission scanning electron mi-
croscopy (FESEM) image shown in Figure 1c indicates that
the as-prepared sample is highly uniform and in large pro-
duction, and the double-shelled structure is further con-
firmed by the higher magnification FESEM image of the
cracked hollow spheres, as shown in Figure 1d. The XRD
pattern (Figure S1 in the Supporting Information) shows
that the as-prepared sample is a poorly crystallized material
and corresponds to a six-line ferrihydrite phase.[1,11a,16]


X-ray photoelectron spectroscopy (XPS) was applied to
characterize the surface electronic structure and the chemi-
cal element valence by referencing the C 1s line to 284.5 eV.
The survey XPS spectrum reveals that the product contains
Fe and O (Figure 2a), and there are two weak peaks for P
2s and P 2p in this XPS spectrum, which could be attributed
to the surface adsorption of phosphate ions.[17,18] The high-
resolution XPS Fe 2p spectrum in Figure 2b shows two dis-
tinct peaks at binding energies of �710.9 eV for Fe 2p3=2
and �724.3 eV for Fe 2p1=2 with a shake-up satellite at
�719.3 eV, which is characteristic of Fe3+ .[18]


To analyze the water content in the sample, thermogravi-
metric analysis (TGA) was carried out in nitrogen. The
TGA curve of the sample shows a weight loss of 12.33% re-
lated to the procedure of dehydration (Figure 3). The
weight loss of 4.13% below 120 8C is normally attributed to
the removal of surface-adsorbed water, and the weight loss
of 8.20% above 120 8C is believed to correspond to the re-
lease of water from the crystals.[11f] Based on the TGA mea-
surement and a recently reported chemical formula,[10] the
stoichiometry of the sample is Fe10O14(OH)2·4H2O. The con-
tent of Fe in the product, determined by inductively coupled
plasma (ICP) spectrometry, is 59.8%, which is close to the
value of 62.9%, calculated according to the stoichiometry.


Figure 1. Typical TEM and FESEM images of the as-obtained ferrihy-
drite double-shelled hollow spheres prepared from SNP (0.5 mmol) and
NaH2PO4·2H2O (0.19 mmol) in water (40 mL) at 180 8C for 12 h. a) TEM
image at a low magnification, indicating that the double-shelled hollow
spheres can be fabricated on a large scale. b) TEM image at a high mag-
nification, clearly showing the hollow spheres were double-shelled.
c) FESEM image at low magnification, further reflecting the large pro-
duction and good uniformity of the double-shelled hollow spheres.
d) FESEM image at high magnification. The double-shelled structure can
be deduced from the broken spheres.
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Such double-shelled hollow spheres possess a mesoporous
structure, as evidenced by the nitrogen-sorption experiment
(Figure 4). The isotherm of the sample can be categorized as


type IV, with a distinct hysteresis loop observed in the range
0.45–1.0 P/P0. The measurement shows that the Brunauer–
Emmett–Teller (BET) surface area is 177.9 m2g�1 and that
there are two porous central distributions, one at 3.6 nm, the
other at 8.6 nm (Figure 4, inset), which may be due to irreg-
ular packing of small crystallites. Such a porous structure
provides efficient transport pathways to their interior voids,
which is critical for delivery, catalyst, and other applica-
tions.[19]


To understand the growth mechanism of the double-shel-
led ferrihydrite hollow spheres accurately, it is necessary to
investigate the morphology evolution of the intermediates
involved in the formation. Three intermediates caught at 2,
3, and 4 h showed that single-shelled spheres formed first
and were then covered with an outer shell to form double-
shelled hollow spheres (Figure S2-1 in the Supporting Infor-
mation). This process was clearly related to the hydrolyza-
tion of SNP, in which two kinds of ligands (cyano and ni-
troso groups) in its structure might have a special role in the
construction of the isotropic double-shelled hollow structure
of ferrihydrite. Under hydrothermal conditions, ferrihydrite
building clusters were generated through the hydrolyzation
of SNP accompanied by the simultaneous release of NO gas,
which functioned as the gas-bubble template and aggrega-
tion center for the formation of single-shelled hollow
spheres. As-formed single-shelled hollow spheres contained
a large number of hydrolyzable ligands (e.g., �CN and
�COOH), possibly due to slow reaction kinetics[19] caused
by the adsorption of phosphate ions. As the reaction time
increased, HCOO� ions on the surface of single-shelled
hollow spheres increased as more cyano groups hydrolyzed


Figure 2. a) Survey XPS spectrum of the double-shelled ferrihydrite
hollow spheres sample. (A) represents the auger peak of the correspond-
ing chemical element. b) High-resolution XPS Fe 2p spectrum.


Figure 3. TGA curve of the double-shelled ferrihydrite hollow spheres
sample.


Figure 4. Nitrogen adsorption–desorption (&: adsorbed, *: desorbed) iso-
therm of the double-shelled ferrihydrite hollow spheres sample. The inset
is its BJH pore-size distribution curve.
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and gradually migrated to the outer surface of the hollow
spheres due to their hydrophilicity. As some of the HCOO�


ions were further hydrolyzed into HCOOH, CO gas was
then released from the decomposition of HCOOH at elevat-
ed temperature, which served as the second gas template for
the growth of the outer shell of the double-shelled hollow
spheres. Thus, a twice-gas-bubble template model was pro-
posed for the formation of double-shelled hollow spheres, as
shown in Scheme 1. Interestingly, as the reaction time was


increased to 18 h, these double-shelled hollow spheres grad-
ually changed into single-shelled hollow spheres with a size
of about 280 nm, which were even stable after 114 h (Fig-
ure S2-1 in the Supporting Information). The evolution of
the ferrihydrite morphology with the reaction time suggest-
ed that the whole growth process was a kinetic and thermo-
dynamic competition process; that double-shelled hollow
spheres were kinetically favored in a certain middle reaction
stage; and that with further aging, the nanocrystallites at the
inner shell were thermodynamically driven to relocate them-
selves to the outer shell because of the higher surface
energy during Ostwald ripening.[20] The intermediates at dif-
ferent reaction stages were all determined as six-line ferrihy-
drite by XRD characterization (Figure S2-2 in the Support-
ing Information). The Fourier transform infrared (FTIR)
spectrum of the product from the upper solution, which had
been evaporated under reduced pressure, confirmed the for-
mation of formate in the hydrolyzed products of SNP (Fig-
ure S3-1 in the Supporting Information), and the reaction
equations are summarized in Figure S3-2 in the Supporting
Information. Furthermore, our comparative experiments
(Figure S3-3 in the Supporting Information) demonstrated
that the formation of the twice-gas-bubble template was
clearly related to the concentration of NaH2PO4·2H2O,
which affected the kinetic process of the hydrolytic abilities
of the double ligands in the precursor. All of the above sup-


plemental results provide strong support to the proposed
mechanism.


More interestingly, our experiments also provide funda-
mental evidence that the existence of NaH2PO4·2H2O is
also critical for the formation of a ferrihydrite phase. Only
a-Fe2O3 micropine dendrites were obtained without sodium
dihydrogen phosphate, even at the same initial pH value
with the existence of acetic acid or hydrosulfate sodium
(Figure S4 in the Supporting Information). These results


imply that sodium dihydrogen
phosphate not only serves as a
pH regulator, but also plays
other more important roles. It
is well-known that the hydroly-
sis of ferric ions can produce
various iron oxides and iron
oxyhydroxides under different
conditions.[21] In our case, the
hydrolyzation and the following
condensation of ferric ions are
responsible for the formation of
the FeO6 octahedra with either
vertex sharing or edge sharing
in the final ferrihydrite struc-
ture. Meanwhile, the coordina-
tion of phosphate ions to ferric
ions prevents the further con-
densation of the ferric complex
at two chelate positions. This
results in the formation of an
FeO4 tetrahedral framework at


elevated temperatures due to the removal of the hydrophos-
phate groups, with the hydroxyl groups helping to balance
the framework charges. As one might expect, FeO4 tetrahe-
dra tend to only share corners with other FeO6 octahedra to
diminish the instability[22] in the final ferrihydrite structure
(Figure 5a). Thus, the presence of NaH2PO4·2H2O plays a
critical role in the formation of the particular ferrihydrite
structure consisting of 20% FeO4 and 80% FeO6 polyhedra
in its ideal form.[10] Simultaneously, the existence of phos-
phate ions may also be important to stabilize the ferrihy-
drite phase because phosphate ions can not only cover the
surface of ferrihydrite, but also occupy the tunnels of ferri-
hydrite, which one can clearly see in Figure 5b by comparing
the pore size of ferrihydrite (labeled in the top two figures)
with the size of the hydrophosphate ion (labeled in the
bottom-right figure). The XPS results also indicate the exis-
tence of trace phosphate ions in the final product. It should
be mentioned that the hydrophosphate ions were the domi-
nant form that coordinated with ferric ions as the reaction
system transformed from weak acidity to alkalescence as the
reaction proceeded. (The pH values of the solution before
the reaction and the upper solution after the reaction were
5.1 and 9.0, respectively.) The hydrophosphate ions in tun-
nels are essential in balancing the framework charges and
stabilizing the tunnel structure of ferrihydrite, protecting
them from aggregation and further conversion to other iron


Scheme 1. Proposed growth process of double-shelled ferrihydrite hollow spheres by using a twice-gas-bubble
approach.


Chem. Eur. J. 2008, 14, 5346 – 5352 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5349


FULL PAPERDouble-Shelled Ferrihydrite Hollow Spheres



www.chemeurj.org





oxides; while a similar effect is also found in akaganeite
with the incorporation of F�, Cl�, and so forth.[23] Our ex-
periments indicate that the as-prepared ferrihydrite product
began the transformation to a-Fe2O3 at 700 8C and the com-
plete conversion at 900 8C under N2 (Figure S5 in the Sup-
porting Information), much higher than that of the unadsor-
bed ferrihydrite product, which transformed to hematite
visibly at 400 8C and completely at 500 8C.[24] The thermosta-
bility study confirmed the above conclusion that phosphate
ions could help to stabilize the ferrihydrite phase.


The proposed twice-gas-bubble template model also sug-
gests that the size of the double-shelled hollow spheres may
be tuned by controlling the kinetic process. The double-shel-
led hollow spheres with the same outer size, but smaller


inner spheres of about 160 nm and smaller inner pores of
about 40 nm, were acquired by increasing the reaction tem-
perature to 220 8C with other parameters constant (Fig-
ure 6a–c). This indicated that the elevated temperature sped
up the reaction and caused ferrihydrite nanoparticles to ag-
gregate on the smaller NO microbubbles, which inhibited
them from converging into bigger ones. Also, the release of
more CO gas as the second gas-bubble template produced
the larger space between the two shells. When the concen-
tration of SNP was increased to 0.84 mmol with other pa-
rameters constant, the products were larger double-shelled
hollow spheres in which the diameters of outer spheres,
inner spheres, and inner pores were about 400, 250, and
130 nm, respectively, as shown in Figure 6d–f. The results


Figure 5. a) Schematic illustration showing the formation of the ferrihy-
drite phase. For clarity, the charges for the complexes are omitted.
b) Schematic structure of the ferrihydrite structure projected along [001],
[010], and [110]. The structure of the ferrihydrite phase was simulated ac-
cording to the crystallographic data in the Supporting Information of
ref. [10].
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demonstrate that the slight variations in reaction conditions
within the stability field of a precipitate affect the size and
morphology of the products remarkably.


To expand the applied range of ferrihydrite, we re-
searched the potential application of ferrihydrite in gas sens-
ing on account of its innate characteristics as a metal oxide
semiconductor. The sensing properties of the products to-
wards trace levels of gas were analyzed at room temperature
in dry air. The gas sensitivity is defined as the resistance
ratio Rair/Rgas, in which Rair and Rgas are the electrical resis-
tances for sensors in air and in gas, respectively. Figure 7
shows the room-temperature gas-sensing behavior of the as-


synthesized double-shelled hollow spheres in response to
ethanol compared with single-shelled hollow spheres (Fig-
ure S3-3a in the Supporting Information). The sensitivity of
the products increases with an increase of ethanol gas con-
centration. However, the single-shelled hollow spheres are
less sensitive. The gas sensitivity of double-shelled hollow
spheres is observed even at a concentration of 10 ppm,
which indicates its potential application in gas detection. We
have also found that the on and off responses for the prod-
ucts could be repeated many times without observing major
changes in the signal, thereby illustrating favorable reversi-
bility. The double-shelled hollow spheres have larger surface
areas than single-shelled hollow spheres (with BET surface
area 102.5 m2g�1), and the higher sensitivity is attributed to
the double-shelled structure of the sample, which provides
more space and active sites for adsorption and desorption of
gas molecules. It is generally accepted that materials with
high surface areas are advantageous for obtaining a high
sensitivity in sensing applications.[25]


Conclusion


In summary, we describe a facile, one-step, surfactant-free,
solution-phase route, based on a twice-gas-bubble template
model to produce double-shelled ferrihydrite hollow spheres
with a tunable aperture. In this self-assembly process, SNP
possesses two kinds of ligands and serves as not only a ferric
source, but also an important in situ twice-gas-bubble tem-
plate for the formation of the double-shelled hollow struc-
ture. The presence of phosphate in this process also plays a
multiple role, not only as the pH regulator, but also as the
coordinator and stabilizer for the particular ferrihydrite
phase. Importantly, this material exhibits high sensitivity in
gas sensing, which could be of great importance in extending
the potential applications of ferrihydrite. This work provides
a novel pathway to synthesize double-shelled hollow micro-
structures of inorganic compounds, offering a new material
platform for delivery carriers, catalysts, and other applica-
tions.


Experimental Section


General : In a typical experimental procedure, sodium nitroprusside
(SNP, Na2[Fe(CN)5NO]·2H2O; 0.5 mmol) was dissolved in distilled water
(40 mL) in a Teflon-lined autoclave, and sodium dihydrogen phosphate
(NaH2PO4·2H2O; 0.19 mmol) was added. The autoclave was sealed,
heated at 180 8C for 12 h, and allowed to cool to room temperature natu-
rally. The precipitate was collected by centrifugation and washed with
distilled water and ethanol several times, and then dried in a vacuum at
50 8C for 10 h.


The structure of these obtained samples was characterized by using the
XRD pattern, which was recorded on a Rigaku Dmax diffraction system
with monochromatized CoKa radiation. The TEM images were obtained
by using a Hitachi 800 system at 200 kV. The SEM images were taken by
using a JEOL JSM-6700F field-emission scanning electron microscope
(20 kV). XPS analysis of the product was performed by using an ESCA-
LAB MK II X-ray photoelectron spectrometer and non-monochromat-


Figure 6. a, b) TEM images and c) FESEM image of the double-shelled
ferrihydrite hollow spheres, obtained from SNP (0.5 mmol) and
NaH2PO4·2H2O (0.19 mmol) at 220 8C. d, e) TEM images and f) FESEM
image of the double-shelled ferrihydrite hollow spheres, obtained from
SNP (0.84 mmol) and NaH2PO4·2H2O (0.19 mmol) at 180 8C. The inset in
Figure 6f is the magnified FESEM image of an individual double-shelled
hollow sphere (scale bar: 100 nm).


Figure 7. Room-temperature sensitivity of the sensors made of as-pre-
pared double-shelled (*) and single-shelled (&) ferrihydrite hollow
spheres to ethanol. The gas sensitivity is defined as the resistance ratio
Rair/Rgas, in which Rair and Rgas are the electrical resistances for sensors in
air and in gas, respectively.
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ized Al–MgKa X-rays as the excitation source. TGA of the as-synthesized
sample was carried out on a Shimadzu TA-50 thermal analyzer at a heat-
ing rate of 10 Kmin�1 from room temperature to 800 8C under nitrogen.
The content of Fe was determined by using Optima 5300DV inductively
coupled plasma spectrometry. BET nitrogen adsorption–desorption was
measured by using a Micromeritics ASAP 2020 accelerated surface area
and porosimetry system. The pH value was determined on a Delta 320
pH meter (Mettler-Toledo Instrument Co.).


Sensing tests : The sensing tests were carried out by using the as-prepared
model sensors. The sample was mixed with several drops of ethanol to
form a homogeneous slurry, and was then coated on the interdigital elec-
trode and the electrode was dried in a vacuum at 50 8C for 3 h. The opti-
cal digital photograph of the interdigital electrode is shown in Figure S6
in the Supporting Information. Measurements were performed by using a
WS-30A system at room temperature (Weisheng Instruments Co.,
Zhengzhou, China).
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Introduction


Supramolecular complexation involving nanosized, electron-
deficient fullerenes has generated a great deal of interest in


the field of host–guest chemistry and construction of novel
nanostructures. To date, studies on such complex formation
have been mainly based on inclusion phenomena with dish-
or cup-shaped hosts, such as azacrown ethers,[1] cyclodex-
trins,[2] cyclotriveratrylenes,[3] calix[n]arenes,[4] and homooxa-
calix[3]arenes.[5] Porphyrins and metalloporphyrins have also
been studied and some outstanding examples have been re-
ported.[6] There are, however, only a few examples that
show the encapsulation phenomena of [60]fullerene within
the cavity of the capsulelike host. This is mainly due to the
fact that with covalently linked macromolecules it is very
difficult to encapsulate such a large guest without any strong
driving forces for inclusion, since the hosts must have a
window large enough for a guest to enter but which can also
serve as an exit door. This limitation, however, can be over-
come if noncovalently linked macromolecules are employed,
which are usually formed by making use of hydrogen bonds
and/or metal–ligand interactions. The construction of self-as-
sembled cage molecules utilizing these interactions has at-
tracted widespread interest and considerable progress has
been achieved. Recently, Claessens and Torres reported
[60]fullerene encapsulation phenomena in an M3L2 sub-
phthalocyanine cage.[7,8] Shinkai and co-workers showed the


Abstract: The acid-assisted and guest-
induced formation of superstructures
was achieved by the addition of halo-
acetic acids to a toluene solution of the
resorcin[4]arene derivatives 1 and
[60]fullerenes. The formation of dimer-
ic superstructures that encapsulated a
nanosized guest molecule was observed
when appropriate acids, such as halo-
acetic acids, and suitable guest mole-
cules, such as [60]fullerenes, were co-
added to a toluene solution of cavitand
1 that has four pyridine units, whereas
a complicated equilibrium between
several species was detected without


[60]fullerenes, and the formation of dis-
crete superstructures was not moni-
tored in the absence of haloacetic
acids. The spectroscopic data indicate
that the formed [60]fullerene-encapsu-
lated complexes have the structure of
2. These complexes are self-assembled
through pyridinium–anion–pyridinium
interactions and by p–p and van der
Waals interactions. The rate of decom-


plexation of 2 is estimated to be 3.1 s�1


from a 2D exchange NMR spectrum.
The [60]fullerene encapsulation process
can be controlled by modifying the
amounts of acids used, changing the
temperature of the system, altering the
ratio of acid/base, and even through
varying the solvent polarity. Moreover,
the fluorescence spectra show band-
narrowing spectral changes and a retar-
dation of the relaxation characteristics
of isolated and isotropic [60]fullerenes,
which indicates that the environmental
change around [60]fullerene is induced
upon its encapsulation.
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same phenomena in a homooxacalix[3]arene-based dimeric
capsule constructed by PdII–pyridine interactions.[7,8]


We have extensively investigated resorcin[4]arene deriva-
tives 1 (Scheme 1) that have four pyridine units as pendent


groups for the construction of metal-induced superstructures
by using cis-protected square-planar MII ions (M=Pd, Pt).
We have demonstrated how metal-induced self-assembly
can be tuned by subtle changes in the solvent system: an in-
terclipped supramolecular capsule (composed of two units
of cavitand 1 and four metal ions) is formed as a sole adduct
in chloroform/methanol,[9a] an intraclipped supramolecular
bowl (composed of one cavitand 1 and two metal ions) is
formed exclusively in an aqueous phase,[9b] and a capsule
and a bowl coexist in a dynamic manner in nitromethane.[9c]


Herein, we describe the utilization of the pendent pyri-
dine units of cavitand 1 as bases instead of ligands and the
formation of [60]fullerene-encapsulated superstructures,
which take advantage of the cooperative function of a suita-
ble guest and appropriate acids (Scheme 1). To the best of
knowledge, this is the first example in which hydrogen-
bonded cage molecules encapsulate a fullerene and appro-
priately designed macromolecules with basic pendent moiet-
ies lead to supramolecular nanocavities by the simple addi-
tion of acids.


Results and Discussion


Design strategy and 1H NMR spectroscopy : Resorcin[4]ar-
ene derivatives 1 prepared from the corresponding tetrol
cavitand[10] were first utilized as ligands for the construction
of metal-induced dimeric capsules.[9] Due to the availability
of the pyridine units of cavitand 1 as bases, acid-assisted for-
mation of dimeric capsules would be possible by charged hy-
drogen-bonding interactions, such as pyridine–pyridinium
and pyridinium–anion–pyridinium interactions. The acid-as-


sisted formation of capsules by the simple addition of acids
was investigated by 1H NMR spectroscopy. The 1H NMR ti-
tration spectra, however, show the existence of a complicat-
ed equilibrium between several species when trifluoroacetic


acid (TFA) is added to a
[D8]toluene solution of 1a.[11, 12]


It was anticipated that suitable
guest(s) might induce the for-
mation of guest-encapsulated
superstructures. From CPK and
computer-aided modeling it was
expected that large and spheri-
cal guests, such as [60]fullerene,
would be suitable for the cavity
of a dimeric supramolecular
capsule formed through pyri-
dine–pyridinium or pyridinium–
anion–pyridinium interactions
(Figure 1).[13]


The interaction between cavi-
tand 1 and [60]fullerene with-
out additional acids was investi-
gated by UV/Vis titration in


toluene. No significant change in the absorption spectrum
was observed (see Figure S2 in the Supporting Information),
which indicates that without acid assistance there is little in-
teraction of cavitand 1 with [60]fullerene.[14]


The concept of acid-assisted and guest-induced formation
of a superstructure was first validated by 1H NMR spectros-
copy (Figure 2). When 1a and two equivalents of [60]fuller-
ene were dissolved in [D8]toluene, no evidence of any inter-
action between 1a and [60]fullerene was observed (Fig-
ure 2b), which is consistent with the UV/Vis measurements.
However, as an increasing amount of TFA was added, a new
set of peaks appeared which became the sole product when
four equivalents of TFA were added (Figure 2e).[15]


Similar results were observed with trichloroacetic acid but
not with acetic acid. Presumably this is due to the small
DpKa value between pyridine and acetic acid, since the


Scheme 1. Formation of [60]fullerene-encapsulated superstructures.


Figure 1. Computer-aided models of the [60]fullerene-encapsulated com-
plexes based on pyridine–pyridinium interactions (left) and pyridinium–
anion–pyridinium interactions (right) (MacroModel 7.0).


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 5353 – 53595354



www.chemeurj.org





degree of proton transfer is a function of DpKa.
[16] The pyri-


dinium proton of the complex is observed at d=19.77 ppm
(see Figure S5 in the Supporting Information) and the peak-
intensity ratio of the pyridinium proton of the complex to
the pyridineIs a proton is about 1:2, which indicates that all
pyridines are protonated. It is also noteworthy that Hb un-
dergoes a more downfield shift than Ha (d=1.1 and 0.8 ppm
for Hb and Ha, respectively) when the complex is formed.
This means that Hb is closer to the encapsulated electron-de-
ficient [60]fullerene than Ha.


1H and 13C NMR spectroscopy with 13C-enriched [60]fuller-
ene : The cooperation of acid and guest for the construction
of the supramolecular capsule was also confirmed by
13C NMR spectroscopy (Figure 3). In the 13C NMR spectra


with 13C-enriched [60]fullerene, a new peak appeared at a
higher magnetic field (d=142.36 ppm) than the peak for
free [60]fullerene (d=143.57 ppm) only when TFA was
added to the [D8]toluene solution of 1a and [60]fullerene.[17]


This peak can be assigned to the encapsulated [60]fullerene,
and the peak-intensity ratio of free to encapsulated


[60]fullerene is about 3:1, which means that all [60]ful-
lerenes are encapsulated in the dimeric capsule considering
that four equivalents of [60]fullerene are added to each di-
meric capsule. The 2:1 stoichiometry between 1a and
[60]fullerene is also observed by 13C and 1H NMR spectros-
copy carried out with the gradual addition of 1a·4TFA (the
latter number refers to the number of equivalents used) to
the [D8]toluene solution of 13C-enriched [60]fullerene
(Figure 4). When two equivalents of 1a·4TFA were added,


the 13C resonance from free [60]fullerene disappeared with-
out the appearance of any additional peak in the 1H NMR
spectra (Figure 4e). Further augmentation of 1a·4TFA,
however, caused the appearance of 1H NMR spectroscopic
peaks from nonencapsulated material (Figure 4f). These
findings mean that [60]fullerene is strongly wrapped in the
supramolecular capsule composed of two 1a molecules.


We can obtain more information from the 13C NMR spec-
tra (Figures 3 and 4); the observed peak separation implies
that the complexation–decomplexation exchange rate is
slower than the timescale of the 13C NMR spectroscopic
measurements. According to CramIs studies on molecular
containers, the rate of guest liberation from a hemicarcerand
is known to be related not only to the size of the guest mol-
ecules but also to their rigidity and shape.[18] As might be ex-
pected from the rigidity, spherical shape, and complementa-
ry size of [60]fullerene, the exchange rate was observed to
be slower than the 13C NMR timescale. Notably, the
[60]fullerene within complex 2a gives a single 13C signal.
This means that [60]fullerene within the supramolecular
cavity still rotates at a speed faster than the 13C NMR spec-
troscopic timescale.


Structure elucidation : The guest-induced and acid-assisted
formation of the dimeric capsule complex might utilize
charged hydrogen bonds, such as pyridine–pyridinium and
pyridinium–anion–pyridinium interactions (Figure 1). A


Figure 2. Portion of the 1H NMR spectra with gradual addition of TFA to
a [D8]toluene solution of 1a·2C60 (300 MHz, 300 K). a) 1a ; b) 1a·2C60;
c) 1a·2C60 +1 equiv TFA; d) 1a·2C60 +2 equiv TFA; e) 1a·2C60 +4 equiv
TFA.


Figure 3. Portion of the 13C NMR spectra with gradual addition of TFA
(125 MHz, [D8]toluene, 300 K). a) C60; b) 1a·2C60; c) 1a·2C60 +4 equiv
TFA. A signal at d=137.7 ppm from C7D8 is marked with an asterisk.


Figure 4. Portion of the 13C and 1H NMR spectra with gradual addition of
1a·4TFA to a [D8]toluene solution of 13C-enriched [60]fullerene
(300 MHz, 300 K): a) 0, b) 0.5, c) 1.0, d) 1.5, e) 2, and f) 2.5 equiv. The
peak from the encapsulated [60]fullerene is indicated by * and that from
the free [60]fullerene by *.
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great deal of effort has been made to determine which inter-
actions are the sources of the supramolecular structure.
Countless trials to obtain a suitable crystal for X-ray crystal-
lography were in vain. The crystals obtained from slow dif-
fusion of a toluene solution of 1b·C60·4TFA were too unsta-
ble to handle because they were too brittle and decomposed
rapidly when exposed to air. Mass spectrometers equipped
with soft-ionization apparatus are broadly used for the char-
acterization of supramolecular structures. Mass spectromet-
ric evidence for the [60]fullerene-encapsulated superstruc-
tures, however, has not been obtained even from soft-ioniza-
tion methods, such as matrix-assisted laser desorption/ioni-
zation mass spectrometry (MALDI-MS) and cold-spray ion-
ization mass spectrometry (CSI-MS).[19] In the case of
MALDI-MS, the addition of a somewhat polar matrix might
cause the destruction of the supramolecular complex, and in
CSI-MS the solvent, toluene, does not have sufficient ioniza-
tion ability; the addition of polar solvent to promote ioniza-
tion resulted in decomplexation.


13C and 1H NMR spectroscopic studies revealed evidence
for the formation of the [60]fullerene-encapsulated complex
through pyridinium–anion–pyridinium interactions: 1) four
equivalents of acid are required for the formation of the di-
meric capsule structure, 2) all the pyridine moieties of 1 are
protonated, and 3) the 2:1 stoichiometry between 1a and
[60]fullerene is observed. Therefore, the above data suggest
that the [60]fullerene-encapsulated complex would be
formed not through pyridine–pyridinium interactions but
through pyridinium–anion–pyridinium interactions.[20,21]


1H–1H exchange spectroscopy (EXSY) and the rate of guest
release : The transfer of spin polarization from the [60]fuller-
ene-encapsulated complex 2a to its debris was observed in a
1H–1H EXSY experiment (Figure 5).[22] Intense exchange
cross-peaks between the pyridine a protons of the com-
plexed and dissociated material are obtained. The rate con-
stant, estimated on the basis of the integration of the cross-
peaks, was 3.1 s�1. The free energy of activation (DG�) was
calculated by the Eyring equation to be 16.8 kcalmol�1.


1H NMR spectroscopy with varying temperatures, solvent
polarities, and TEA/TFA ratios : It is well-known that inter-
molecular non-bonding interactions are so labile that exter-
nal stimuli affect the formation of non-bonded complexes.
To validate this concept in our system, temperature-depen-
dent 1H NMR spectroscopy was carried out with a
[D8]toluene solution of 1a·2C60·2TFA from 300 to 333 K
(Figure 6). As the temperature increases, the intensity of the
peaks assigned to 2a decreases. Moreover, these peaks com-
pletely disappear at 333 K. When the temperature returns to
300 K, the original peaks are restored. This phenomenon im-
plies that the [60]fullerene-encapsulated complex 2a is dis-
assembled with increasing temperature owing to attenuation
of the assembling forces, such as triple-ion interactions, p–p


interactions, and van der Waals interactions, and that the en-
capsulation of [60]fullerene is a reversible process since re-
assembly occurs with decreasing temperature.


Decomplexation phenomena were also observed by the
addition of relatively polar solvents, such as [D]chloroform,
[D2]dichloromethane, and [D3]acetonitrile. This may be par-
tially due to a decrease in the solubility of the complex or
[60]fullerene and partially to diminution of pyridinium–
anion–pyridinium interactions.[23] Moreover, the [60]fuller-
ene encapsulation process can be controlled through the ad-
dition of a base (Figure 7). The addition of triethylamine
(TEA) to a [D8]toluene solution of 1a·2C60·4TFA destroyed
the acid-assisted formation of the [60]fullerene-encapsulated
superstructure; the gradual addition of TEA caused the de-
struction of 2a and complete destruction was achieved when
four equivalents of TEA were added. Subsequent addition
of four equivalents of TFA restored the original complex.


UV/Vis–fluorescence spectroscopy : The symmetrically for-
bidden lowest-absorption band at 540 nm of [60]fullerene
appears weakly in solution due to a reduction in local sym-


Figure 5. Downfield region of the 1H–1H EXSY spectrum (600 MHz,
298 K, 1a·C60·2TFA concentration=2.0 mm, [D8]toluene, mixing time
0.6 s).


Figure 6. Portion of temperature-dependent 1H NMR spectra of a
[D8]toluene solution of 1a·2C60·2TFA. a) 300, b) 313, c) 323, d) 333 K,
and e) return to 300 K. The peaks from the fullerene-encapsulated capsu-
les are indicated by *.
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metry resulting from solute–solvent interactions. Addition
of 1a·4TFA) to the toluene solution of [60]fullerene led to
an increase in the absorption band at 440 nm and a decrease
at 540 nm, characteristic of complexation (see Figure S7 in
the Supporting Information). The decrease of the forbidden
transition band at 540 nm can be attributed to suppressed
solute–solvent interactions, which implies that the guest,
[60]fullerene, is encapsulated by the host complex and parti-
ally isolated from solvent molecules.


The [60]fullerene encapsulation phenomenon was also
clearly seen in the fluorescence spectra (Figure 8a). Bare
[60]fullerene in toluene showed a typical fluorescence spec-
trum around 700 nm, which matched very well with reported
cases.[24] However, the addition of 21a·8TFA led to a band-
narrowing spectral change. The change of the environment,
mainly polarity, around [60]fullerene upon its encapsulation
is presumed to cause the spectral change. Of note is that
such a phenomenon was observed only with the co-addition
of 1a and TFA; the addition of 1a or TFA alone did not
affect the fluorescence spectrum of [60]fullerene.


Retardation of the relaxation of [60]fullerene at the
lowest excited singlet state (S1) was also observed (Fig-
ure 8b). The lifetime of [60]fullerene at S1 was measured to
be (1.19�0.02) ns in a toluene solution, and was hardly af-
fected by the variation of the solvent.[25] When [60]fullerene
forms the complex 2a, a 6% elongation of the lifetime
((1.26�0.02) ns) was observed. Although it shows a small
elongation of the lifetime at S1, this finding clearly indicates
the great reduction of nonradiative relaxation channels,
other than the very efficient intersystem crossing to the trip-
let state (FT�0.96),[26] by solute–solvent interactions to the
ground state.


Conclusion


We have shown the formation of [60]fullerene-encapsulated
superstructures 2 by the addition of an appropriate acid to a
toluene solution of the resorcin[4]arene derivatives 1, which


have four pyridine units, and [60]fullerenes. The formation
of the superstructures was demonstrated by 1H NMR,
13C NMR, and UV/Vis–fluorescence spectroscopies. The
[60]fullerene encapsulation process can be controlled
through changing the temperature, adding an acid/base, and
even through varying the solvent polarity. Moreover, the
fluorescence spectra of the encapsulated [60]fullerenes show
band-narrowing spectral changes and a retardation of the re-
laxation characteristics of isolated and isotropic [60]ful-
lerenes. This study proposes a new strategy by which the
simple addition of acids to appropriately designed macromo-
lecules with basic pendent moieties leads to supramolecular
nanocavities capable of encapsulating large molecules, such
as [60]fullerene.


Experimental Section


General : All chemicals were of reagent grade and were used without fur-
ther purification. [60]Fullerene (99.5%) was obtained from Southern
Chemical Group (USA) and 13C-enriched [60]fullerene (13C content: 10–


Figure 7. Portion of the 1H NMR spectra with gradual addition of TEA
to a [D8]toluene solution of 1a·2C60·4TFA (300 MHz, 296 K). a) 0, b) 1,
c) 2, d) 3, and e) 4 equiv TEA; f) 4 equiv TEA then 4 equiv TFA.


Figure 8. a) Fluorescence spectra of [60]fullerene, C60·21a, C60·8TFA, and
C60·21a·8TFA in toluene. Samples were excited at 330 nm. b) Fluores-
cence kinetic profiles of [60]fullerene (*) and C60·21a·8TFA (*), excited
at 532 nm and monitored above 660 nm, in toluene. Fitted curves (c)
are also shown.
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15%) was purchased from MER Corporation (USA). NMR spectra were
recorded on either a Bruker Avance DPX-300 or a Bruker Avance 600
spectrometer. Chemical shifts are given in parts per million by using the
residual resonances of deuterated solvents (d=7.27 ppm for chloroform;
d=7.00 ppm for toluene) as an internal reference. The rates of chemical
exchange were measured by using EXSY by integrating the peaks of 2D
NOESY. Molecular modeling was performed on a Silicon Graphics O2
machine with a MacroModel 7.0 program. Fast atom bombardment mass
spectrometry (FAB-MS) data were obtained on a JEOL JMS-AX505WA
mass spectrometer with m-nitrobenzyl alcohol as matrix. CSI-MS data
were obtained on a four-sector (BE/BE) tandem mass spectrometer
(JEOL, JMS-700T) equipped with a CSI source. UV/Vis spectra were re-
corded on a Beckman DU650 spectrophotometer. Fluorescence spectra
were obtained by using a homemade fluorimeter composed of a 75 W Xe
lamp (Acton Research, XS 432), 0.15 and 0.30 m monochromators
(Acton Research, Spectrapro 150 and 300), and a photomultiplier tube
(Acton Research, PD438). Fluorescence spectra were not corrected for
the spectral sensitivity of the fluorimeter. Pulses (532 nm) of 25 ps dura-
tion from an actively and passively mode-locked Nd:YAG laser (Quantel,
YG 701) were employed to excite the samples. The fluorescence wave-
length was selected by using an appropriate combination of filters. Fluo-
rescence kinetic profiles were detected with a 10 ps streak camera (Ha-
mamatsu, C2830) attached to a CCD (Princeton Instruments, RTE-128-
H). Fluorescence kinetic constants were extracted by fitting a measured
kinetic profile to a computer-simulated kinetic curve convoluted with the
temporal response function (�50 ps) iteratively. Unless specified other-
wise, all the fluorescence measurements were carried out with a
[60]fullerene concentration of 1 mm in toluene with/without two equiva-
lents of 1a and/or eight equivalents of TFA at room temperature.


Synthesis of tetrapyridine-tethered cavitand (1a): A mixture of the corre-
sponding tetrol cavitand (244 mg, 0.2 mmol),[10] K2CO3 (690 mg,
5.0 mmol), and 4-picolyl chloride hydrochloride (328 mg, 2.0 mmol) in
dry DMF (5 mL) was stirred under a nitrogen atmosphere at 60 8C for
18 h. The solvent was evaporated under vacuum and the residue was dis-
solved in chloroform (50 mL). The solution was washed with water and
brine, then dried (MgSO4) and evaporated to dryness under vacuum.
Silica-gel chromatography with CH2Cl2/CH3OH (15:1) was used to
obtain 1a (yield 238 mg; 75%). 1H NMR (300 MHz, CDCl3): d=8.61 (d,
3J ACHTUNGTRENNUNG(H,H)=5.89 Hz, 8H; PyHa), 7.32 (d, 3J ACHTUNGTRENNUNG(H,H)=5.79 Hz, 8H; PyHb),
6.88 (s, 4H; ArH), 5.79 (d, 2J ACHTUNGTRENNUNG(H,H)=7.11 Hz, 4H; ArOCHoHiOAr), 5.01
(s, 8H; OCH2Py), 4.75 (t, 3J ACHTUNGTRENNUNG(H,H)=7.92 Hz, 4H; CHCH2), 4.49 (d, 2J
(H,H)=7.12 Hz, 4H; ArOCHoHiOAr), 2.22 (brm, 8H; CHCH2CH2),
1.4–1.1 (br s, 72H; CH2 ACHTUNGTRENNUNG(CH2)9CH3), 0.90 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=6.58 Hz, 12H;
CH2CH3);


13C NMR (75 MHz, CDCl3): d =149.69, 147.97, 147.01, 144.09,
139.07, 121.39, 114.69, 99.45, 73.37, 36.91, 31.92, 29.83, 29.71, 29.40, 27.91,
22.68, 14.11 ppm; FAB-MS: m/z : calcd: 1581.9920; found: 1581.9962
[M+H]+ ; elemental analysis calcd (%) for C100H132N4O12: C 75.91, H
8.41, N 3.54; found: C 76.04, H 8.66, N 3.38.


Synthesis of tetrapyridine-tethered cavitand (1b): Prepared by a similar
method to 1a in 70% yield. 1H NMR (300 MHz, CDCl3): d =8.66 (d, 3J
(H,H)=3.34 Hz, 8H; PyHa), 7.44 (d, 3J ACHTUNGTRENNUNG(H,H)=3.13 Hz, 8H; PyHb), 7.24
(brm, 12H; PhH), 7.18 (d, 3J ACHTUNGTRENNUNG(H,H)=2.60 Hz, 8H; PhH), 6.94 (s, 4H;
ArH), 5.83 (d, 2J ACHTUNGTRENNUNG(H,H)=6.38 Hz, 4H; ArOCHoHiOAr), 5.08 (s, 8H;
OCH2Py), 4.86 (t, 3J ACHTUNGTRENNUNG(H,H)=7.46 Hz, 4H; CHCH2), 4.53 (d, 2J ACHTUNGTRENNUNG(H,H)=


6.12 Hz, 4H; ArOCHoHiOAr), 2.70 (brm, 8H; CH2CH2Ph), 2.53 ppm
(brm, 8H; CH2CH2Ph); 13C NMR (75 MHz, CDCl3): d =148.92, 148.23,
147.99, 144.30, 141.50, 138.99, 128.63, 128.40, 126.16, 121.77, 114.66, 99.51,
73.43, 37.07, 34.44, 32.30 ppm; FAB-MS: m/z : calcd: 1381.5538; found:
1381.5527 [M+H]+ ; elemental analysis calcd (%) for C88H76N4O12: C
76.50, H 5.54, N 4.06; found: C 75.12, H 5.79, N 3.82.


Preparation of [60]fullerene-encapsulated capsule (2): Diluted TFA
(4 mmol) in toluene was added to a toluene solution of tetrapyridine-
tethered cavitand 1 (1 mmol) and [60]fullerene (>0.5 mmol) in a vial.
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